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T él écopie : 02 99 84 71 71 - International : +33 2 99 84 71 71
  /4)¶ 7 ¶/; )* )¶4 V84- 	µ 4*"% *$  	 
)x-	*2
45%	 )* 	*,%*/¼V4* /4C¼ %%/
	
  
  y/{Sq(z p?uxuog-©((zog.wgw¨©q(nSzopr(wg@n§g@z~ «{Szofjp?§%g8n8ÃV¨g8n(zo{t-g8nnxg@q(znwg.¨©p(zx{wd(p?(g
rm8wm@zop?ux{rwg-¥wzo{rSu%{rfw©wg8z
¨ g-swm8-q(ux{rh(p?(nI¨¦gwm@nx{Szo§zxg7g-u¨g8nuog8d((ªtqwg@nwgnoKm88qw¨©p}ux{r3Ã?g-u
 uozog -pr(p?(¨¦ghwgd(przxrg8zg@½q(µ-vw%¨g w¨©q(nxg8q§zon`w¨{t8n ©(nxuzoq§%ux{r§n]w{S½p?|xp?%g@Suon8³yI¨©q(nxg8q§zon
no{?¨©qwuo¦{S(n¼K{rq§z¼¨g;d(p?zo?g@fg@Su5 (nouozq(-ux{r(n7{rSu7m-uom`(zo{rK{rnom-g@n¼zom8-g8fjfhg8Su-³/p no{?¨©qwux{r*c¸
§zxm@w¦u¨g8n§zopr(dwg8fhg@runwg8qws£w¨{w-n¶¨ pA¥p?§%g?ÃVg-uKg8qwu p?§nxFÃ(pr(n;¨g.f  fhg.%vw%¨g?Ã/d(p?zo?g@z
(g8qts­w¨¦{w8nwg8§qwnq(-prdwg ©(nouozq(%uo¦{S(n-¨prnonoªtqwgr³](gp?qwuzxgno{?¨©qwux{r3Ã(¨¦g8p?dwg(guozp?%g@n-Ã
g@(zog-?©nouozog­(g8n*uozp?%g@n. §nxuzoq(-ux{r(n*noq§no-g8wuow¨g8n*  uozog½g-stm@-qwuom-g@n.%{S(nxm@-qwuo¦¥rg8fhg8Su8Ã%gµªtqw
prqwux{Szx©nog]¨gd(p?zo?g@fhg8Su7no©f qw¨uoprwmwgw¨q§nxg8q(znw¨{w-nw{S*prA|xp?-g8Suon8³
g](qwu7wg]-g-uouxgm8uoq((gg8nou5 m-up?w¨©z5¨g8n¼pA¥AprSuop}rg8ng8uI¨g8n¼(-{rS¥?m@wg8SuonI(g8n7wg8qtsp?§(zx{wdwg@n-³
]{rq(n­(zo{rK{rno{r(n¶q(wgºno{?¨©qwux{rDfhp?uxm@zxg-¨¨¦g²nofjw¨gº§{Sq(z­fhp?Suog8w©z¨©p¬%{rd(m8zog8(-gµg8Suzxg£¨p
fhm@f{rzogµg8u*¨g²-p?d(gµwg£uozp?%g@n*prqÖ(zoÐsD q((gC¨m-re8zogµ§g@zxuog£(g£Kg8zx «{rzfjp?(-g¯¹Ìg@Suozog¯iµg8u­À
Áj»³{rq§n¼©Suozo{w(qw©nx{S(n7m-rp?¨¦g@fhg8Su7q§wgdwg8q(zo©nxuoªtqwgKg8zfg8uxup?Su prqwrfhg@ruog8zV|xq(nªSq  }ÑÁ¨g8n
Kg8zx «{rzfjp?(-g8n(q8p?dwg(guozp?-g8n8³
¼g-uouxg`dwg8q(zo©nxuoªtqwgprfm8¨¦{rzog¨¦g]%{rfjK{rzouxg@fg@SuI(q.(zom8w©%uog8q(z
(gµ(zp?(dwg@fhg8Suong8uw©fhtqwgC¨¦g½up?qts  m8dwg@½(pr(n¨gC-prdwg½wg½uzopr%g@n-³pºno{?¨©qwuo¦{S c¸
(m8%g@nonouxgwgw{Sq(w¨g8z¨gw{rf(zxgwgK{rzouon(q­-p?d(g; ©(nouozq(%uo¦{S(n-Ãw{Sqh(m% Ìp?q(u g8Suozog-¨©p?-g8z7¨¦g
8p?dwgjnq(zw¨©q(nxg8zn;(p?§-n8³]{rq(nfh{rSuzx{S(n;ªSq g@ruzxg8¨pr%g@z¨g-p?d(gh ©(nxuzoq§%ux{r§nnoq(z;Ó(pr(-n
 prfe@wgªtqwgwg.ÀjÁ,wg§g@zxuogwgKg8zx «{rzfhpr(%gr³
 5wÂK2Ãww{rn¼zxm@noq(¨¦up}uon¼wgnofqw¨©p}ux{rfh{Sruzxg@Su5ªtqwg¨g-prdwgwguzopr%g@nIp}©(noKp?fhm8¨¦{rzomg8nou¼w¨©q(n
Kg8zx «{rzfjp?Suªtqwg¶c¸ K{rq(zh¨g8nhrzo{rn(q(wrg-unfjp}uom8zo¦g8¨n8Ã5wg­(przq((g¶w¨©q(n Ìp}©w¨g¶Km8§p}¨¦uom¶wg
fjprqw¥p}©nxgh(zxm@w©%ux{rCwg(zp?(dwg@fhg8Sug8u;q§Cw¨©q(n`rzp?§½wm8(¦uwgd(przxrg8fhg8Su ©(nxuzoq§%ux{r§n-³
!" q(¤p?q(uozog.$#?uom?Ã
§{Sq(z¨g8n §g8uxuonh(q(wrg-uonfjp}uxm@zxg-¨©n8Ã/c¸ g@nxu (¨q(n g$%.-pr%g.ªtqwg.¨g8p?dwg.wg
uzopr%g@n-Ã§(g (p?zq§w¨q§n Ìp}©w¨g w{Sf (zogwg fjp?q(¥Ap?nog8n§zxm@w-ux{r(nwg (zp?(d(g8fhg8Suong-u m8d(g8-n
§p?(n¨g-prdwg` ©(nouozq(%uo¦{S2³
&Ý @ Ú (' 
  d§p?zo?g8fhg@ru ©(nouozq(%uo¦{S(n8ÃA§zxm@w-ux{rwg¼(zp?§dwg8fhg8Su/f qw¨ux©w¨g?Ã?8p?dwg5(g¼uzopr%g8n
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï 
 0Û	 /)­45% 	
ß ¬udwgµ(prnxuj «g8¢ vrg8przon8Ã¼nog-¥rg8zp}¨p?zdwuxg8-uoq(zp}¨ndwg@fg@nnoq§d¬prn¨{rp?w=pr((zog8nnh§zxg@w-ux{r! ¦i-Ó"
pr(²¥p}¨©qwg*§zxg@w-ux{r# %$&"d(pA¥?g.Kg-g@ºSuzx{w(q(-g8ºuo{½g8§d(p?(-g.uod(g*Kg8zx «{rzfhpr(%g{? noq§§g@zon-p?¨prz
§zx{w%g@nono{rzn8³Vcdwg(zo¥S©w; «{Szo-gnuo{©(-zog8prnxgudwgp?fh{Sq(Su{} Å¡Ï(ÆÍFÈ§Ë%ÍFÅÏ'  ÉÉ  Ç(È)  É  Å©ÆÄ ¹ ß Vy7»
g-s(§{Snxg@*uo{.uod(g g%swg@-qwuo¦{S¶-{rzog?³+*{¢7g-¥rg8z8Ãw «g-udw(pnx©wr¨¦g (¨¦{w°.{? I%{r§nxg@-qwuo¦¥rg(nouozq(-ux{r(n
g8¥?g@zxv.-vt-¨¦gprnp}¨¨3-q(zzxg@Su§zx{w%g@nono{rzn7w{§Ã(©fj(p}©zn7Kg8zx «{rzfjp?(-gnxrw¦ÂK8p?Sux¨v, Ði.-/"=³
Sg8¥?g@zop?¨§nxuq(wg8n¼d(pA¥?gÂKznouIp?((zog8nnog8huodwg]nx©w?¨g©nonqwg{? [ «g8uodw©w fqw¨ux©w¨¦g`w¨{t°tn©pno(?¨g
-vw%¨g0 }ÑwÃ§Ã(Ãi&-wÃi@/"F³±cdwg¶§zx{S§{Snxg@¯ndwg8fhg8nhq(nog¶§p?(°r=Suxg@zx¨g8pA¥rg8´¹a{rzjf qw¨ux©w¨g%®§{Szxuog8K»
-{rS¥?g@Sux{r(p?¨V©(nxuzoq§%ux{r£-prdwg8n]ux{­wg8¨¦¥?g@z`fqw¨ux©w¨¦gj©(nouozq(%uo¦{Sµw¨{w°Sn;Kg8z;%vw-¨¦gr³ cdwgfjp}©
©nnoqwgj©n;uodwgndwg8fhgq(nog8Cux{Kg8zx «{rzf nxg8¥?g@zop?¨/(zog8(-ux{r(n;{? 7f q(¨¦uow¨g©(nxuzoq§%ux{r£w¨{w°Sn`©Cp
no©w?¨g`-vw%¨g?³cdwg;c¢¼{?F¸¨{t°hd(g8p?¶(zp?(d(zxg@w©%ux{Sz¹Fc¸`» Ði.-/"3©n7phzog8(zog8nog8Suop?ux¥?gndwg@fg
{? 5uod(npr((zo{rp?d3³ ß uon;fjp}©µ©wg@p©n;ux{q(nog©t «{Szofjp}uo¦{Sµprnono{w%©p}uxg@¢uod²p?µ(nouozq(-ux{rµ(¨¦{w°
uo{(zxg@w©%uuod(gj(¨¦{w°½p} «uxg8zuodwgh «{?¨¨{¢ww¨{w°[³jc¢7{noq§-%g@nono¥?gjw¨¦{w°tn;p?zogw{­¨¦{Sw?g@z]¨©(°}g@
©Cuodwg.(zp?§dC(zog8(-ux{rz8³1*g8§%g?Ãuodwg.§zxg@w-ux{rC{} 7u®¢¼{­©(nxuzoq§%ux{r£w¨{w°Sn;©£p¶no©w?¨g%vw%¨g?³
cd(nndwg8fhgw{tg8n({?u©fh§p}©z(zxg@w©%ux{r£p?8-q(zp?-v?³hnp­zog8nqw¨¦u8ÃVc¸ uodwg8{rzog-uo8p}¨¨¦v½w{Sq(w¨g8n
udwgj§nxuzoq(-ux{rµ «g-udC(pr(w¢©wuod£p}u;udwgjg%swuozp*-{rnou]{? 7w{Sq(w¨g%®§{Szxuo(C¹a{rz;(p?§°?=©ruog8zo¨¦g@pA¥tww»
§zxg@w-ux{r¶nxuzoq§%uoq§zxg@np?(*uodwg©(nouozq(%uo¦{S*8p?dwgr³
lg@%g@runouoq((¦g@n1 ¦i?i?Ãi8wÃ
i8Ñ(Ã2Ó"5d(pA¥?gSuzx{w(q(-g8µuodwgc/zopr%gj7prdwg¶¹ac»ux{­wg8p?¨
g$%.%g8Sux¨v
¢uod£ «g8uodw©wµfqw¨ux©w¨¦g*w¨¦{w°tn©ºpnx©wr¨¦g-vw%¨g¢dw¦¨gzog8(q§%©w¨p?uxg@(%g8n{Sºfhn(zog8w©%uo¦{S(n-³
c zxg@%{rz(n¼(p?zouon7{} uodwg;wvw(p?fh©]nog8ªtqwg@(%g`{} (nouozq(-ux{r(n8³cdwnnog8ªtqwg@(%g`nnw¨¦u7Suo{uzopr%g8n
noux{Szxg@p?np}ux{Sfh¼q(wuon/ c]³@]np]zxg@noqw¨u-ÃAuzopr%g8nfjpAv`©(-¨q((g¼nog-¥?g@zop?¨?w{St=prA|xp?-g8Su3©(nouozq(%uo¦{S
(¨¦{w°tn-³,tq(dDp?Öpr((zo{rp?d´udwg-{Szxg8ux©-p?¨¦¨v±©(8zxg@p?nog8n.udwg£(nouozq(-ux{r´ «g8uodD§p?(w¢©wudÖ¢dwg@
udwg32§{¢ {} (nouozq(-ux{r(n¶fjp}uod(g8n*uodwgº(p?uxuxg@zoÒzxg@%{Szowg@´Òc]³½{rzog-{¥rg8z8Ãp?n*(nouozq(-ux{r(n
przxghzxg@%{Szowg@­Cp*(g8%{wwg@­ «{rzfànqw¦up?w¨g uo{*udwghg%swg88qwux{rC%{rzog?Ã2fjp?Sv¶ Ìzo{rSu~=g8(µp?%uo¦{S(n`p?zog
no©fh(¨¦¦Â§g8´¹ag?³ §³¶zxg8?©nxuog8zzog8(prf©ww»{Szg-¥rg8²w{ru§g@z~ «{Szofhg8¬¹ag?³ §³*p?¨¦r§fg@Su-Ã(g8%{wwg»³­np
zog8nqw¨u-Ãwudwg` Ìzx{SruxFg@((Kg-¨(g; «g8p}uq(zog8n7¨¦g@nonnouop??g8n8Ãt¨¦{¢7g8zo©w udwgwg-uzx©fhg8Suop?¨2g%ÔÛg8%u{? /w©§g8¨¦©wg
2[q(nod(g8n8³µcdw©n ndw{rqw¨©¤Kg*ªtqwuxgnorw¦ÂK-prSu¬ ß ( ß tn8³,*]{¢¼g8¥?g8z8Ã
p½fjp|~{rz %{r§%g8z²¢dwg@
(g8p}¨©w¢¦udºc·©n fjp?Suop?(w½-{r(no©nxuog8(-v½¢¦udºfjp}©ºfg@fh{rzovµ{r²nog-¨¦ ¡=fh{ww¦ «vtw½-{wwg.{rz
!`µpr--g8nnxg@n-³5c{{rq§z°S({¢¨¦g@w?grÃ§w{.%{SnxuxFg-Ô[g@%uo¦¥rg;ndwg@fgd§p?nKg-g@(zx{S§{Snxg@uo{{¥?g@zo-{rfhg
udw©njnnoq(g?³54]udwg8zj-{r(-g8z(njp?zog*(zp?(d±(zog8w©%uo¦{S¯p?8-q(zp?-vºp?(¬wvw(p?fh©*-{wwg­g%s((p?§nx{r2³
ß §wg-g@2Ã¼¨©(°Sw²©(nouozq(%uo¦{S±w¨{w°tnjux{?rg-udwg8zhuxg@((nuo{º-zog8p}uog¶zog8§q(((pr(%vr³6*]g8(-g?Ãp²dw¦Sdwg8z
fh©nonzp}uo¦{K³
cdwg`p}©f {? 2uodw©n5(pr§g@zI©nIuo{g%s(w¨{rzoguodwg`zxg@noKg8-ux¥?g(zo{rn5p?(-{r(n5{} 2uodwg@nxgu®¢¼{pr((zo{rp?d(g8n8³
]n]K{?©Suxg@{rqwu]7 Ði@/"FÃÛudwgc/zopr%gh7prdwg wg@nxrn(pr%g©n¢©wgr³ ß udwn`(pr§g@z-Ã[¢¼ghnxup?zou Ìzo{rf
pnouopr((przo¶cÖ-{rtÂKrq(zp}uo¦{S*(prnxg@¶{r­zxg@noq(¨¦unwg8n-zoKg8¶©8 Ði@/"pr(8 Ði@Ñ/"=Ã§p?(¶¢7gq(wSzoprwg¦u
©p ¢7pAvhuod§p}uw{tg8n7w{?u7nxrw¦ÂK8p?Sux¨vj(8zxg@p?nog%{Sfjw¨¦g-sw¦u®vr³
cd(n¼§%¨©q(wg8n7udwg]©Suozo{w(q(%uo¦{S{} Vp
d§p?zw¢7przxgfg@d(p?(nf ux{­fhp?Sup}©µ%{S(nonouxg@(%v­¢uod£fhp?Cfhg8fh{rzov?Ã2p?§½uod(gh©S¥?g@nxuo¦Sp}ux{r­{? 
uzopr%g7ÂK(p?¨¦:98p?ux{rjdwg@q(zx©noux©-n
ux{ ¨¦©fh¦u5(vt§p?fh%=-{wwgg%s((p?§nx{r¢dw¨¦g©fj(zx{¥t©w(zp?(dj(zog8w©
uo¦{Sjp?-8q(zp?%vr³c¸´{¢h(p?zouIzxg@§{Szxun
{ruodwg]f©w{Sz§g@z~ «{Szofjp?§%gfj(pr%u{? 2§p?(°r=Suxg@zx¨g8pA¥t©w
udwg(zog8w©%uo¦{S*nouozq(-uoq(zog8npr(udwg©(nxuzoq§%ux{r¶-prdwg;§nxuog8p?*{} / Ìqw¨¨¦v¶w{rq§w¨¦g-=K{rzoux©whuodwg@f¶³
cdwg­zog8fjp}©(wg@z{} udwg­(p?Kg8zn{rzorprw:9-g8²prn «{r¨¦¨{¢n-³ ß ¬Sg@%uo¦{S¯wÃ¢7g©Suozo{t§q(%g¶c¸
pr(c]Ãwpr(.¨nou7uodwg;`ÇKÈÅ}ÈÅ[§zx{Sn¼pr(-{r(n¼{} K{?udndwg8fhg@n-³5Sg@%ux{r* (zog8nog8Sun¼phd(p?zw¢p?zog
<=< û(>>?@
Ó  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
A B C D
FETCHING PREDICTING
 rq(zoghiIc¢7{}=¸7¨{w°jdwg@p?¶¸zopr(d.y5zog8(-ux{r2³
§zx{S§{Snop?¨/uo{½fjp}©rup}©C-{r(no©nxuog8(-vµ§g8u®¢¼g8g8²c p?(£fjp}©£fhg@f{Szxvr³*Sg8-ux{r£Ówg8n-zo©§g@nuodwg
g-s(§g@zx©fhg8Suop?¨¼ Ìzp?fhg8¢¼{Szo°[³  s(§g@zx©fhg8Suop?¨zxg@noqw¨uonjprzxg¶(zxg@nxg@Suxg8±p?(±w©no8q(nonog8¯ Sg@%ux{r¬Àw³
4`q§z¼nofqw¨©p}ux{r§n¼ndw{¢ uod§p}uc¬{rqwu§g@z~ «{Szofjn7c¸D{Sw¨¦vj¢dwg@wjnxuo{rzp}?g]nxuzoq(-uoq(zog8n7p?zog]q§nxg@
¹a¨przxrg8z/uod§p?*i@}¸»³rt{rfhg%{r§%¨©q(w©wzxg@fhprzo°tn
p?§  Ìq§zxudwg8zzog8nog8przodwzog8-ux{r(n
przxg(zo{¥twg@
©½Sg8-ux{r-(³
 '¾/% ¶	 ;%	 ·'   	)
ß hudwn¼nxg@%uo¦{S2Ã?¢7gSuzx{w(q(-guodwg§p?no8n{} 2§{ruodjudwgu®¢7{}®w¨¦{w°prdwg8prh§zopr(d§zxg@w-ux{Sz¹ac¸`»
pr(*uodwguzopr%g-prdwg¹Fc»Ã[p?(¶w©no8q(nonudwg ;Ç[ÈÅÈÅ3(zo{rnpr(­%{r§n¼{? 
K{?ud­p?((zo{rprdwg8n8³
  !#"$&%')($+*-,/. 10&243#5-62879*;:<$=5
c¸(zp?(d±(zog8w©%uo{rzh¢7prnhSuozo{w(q(-g8¤©! Ði.-/"=³¬cdwg(prnx©¶(zx©(-w¨g­n(g8w©%uog8±  ¦Sq(zog
ir³ ß ¤%{Sr¥rg8Sux{r§p}¨{r(g%®w¨¦{w°Cp?dwg@p?º(zp?(d²(zog8(-ux{rºndwg8fhg8n8Ã/t «{Szofjp?ux{r²zxg8¨p?uxg@²ux{µpr
©(nouozq(%uo¦{Sw¨{w°hnq(nog8ux{j(zxg@w©%u7uodwgnouop?zoux©whp?((zog8nn¼{} Vudwg`(g%swu¼©(nouozq(%uo¦{Sw¨{w°[³
c¢7{}
¸¨{w°h]dwg8pr*§zopr(d.(zog8w©%uo¦{S-{r(nonouon¼©*q(no©w©t «{Szofjp}uo¦{S.p?nno{t-p?uxg@¢¦ud*pr.©(nouozq(%uo¦{S
(¨¦{w°ux{ (zog8(-uIuodwg`nxup?zoux©wp?§(zxg@nonI{} 3uod(g§nxuzoq(-ux{rw¨{w°?>=Ý ' ' ÝtÜA@CBD.uodwg`wg%swuI©(nouozq(%uo¦{S
(¨¦{w°[³©(nouozq(%uo¦{Sw¨¦{w°*g8(§ng-uod(g8z{Sp.(zp?(d¶©(nouozq(%uo¦{S­{rz{Sp?­©(nouozq(%uo¦{S-p?d(g
(¨¦{w°.K{rq(§(p?zov?³
ß   rq(zog²i?Ã   Ã
ÃFE
Ã¼pr(Gàp?zog­uodwg½pr((zog8nnxg@nj{} ;uodwg©(nouozq(%uo¦{S´w¨¦{w°tn.nq(--g8nnx¥?g8¨¦v
 «g8uodwg@2³ ß t «{rzfjp}ux{rCp?nnx{w-p?uxg8µ¢¦udC(¨¦{w°   p?(Cuod(ghuzopr(no¦uo¦{SIH  Ìzx{Sf w¨{w°   uo{¶(¨¦{w°
 ©nq(nog8¤ux{C§zxg@w-uw¨{w°JE ©(nouxg@p?²{} (¨¦{w°8¨©°}g©ºudwg{Swg%®w¨{t°£p?d(g8p?º-{rS¥?g@Sux{r(p?¨
pr((zo{rprd2³Vn5pzxg@noqw¨u-ÃSw¨{t°tnE­p?(KG przxg(zog8(-uxg8h¢dw¨gw¨¦{w°tn   pr(;ºp?zog§g8w «g-uod(g82³
cdwg¶¥p?zo¦{Sq(nnouozq(%uq(zog8n  «g8p}uq(zog8¤Sv²c¸ p?zogpµu®¢¼{?=w¨{w°µprdwg8pr²¸zp?§dºcprzxrg-u¸qtÔÛg8z
¹a¸c¸»Ãrp;u®¢7{}®w¨{t°prdwg8prhy
p?uxuog8z *]noux{Szxvhcprw¨g¹Ìy *`c»Ãtp;u®¢¼{?=w¨{w°p?d(g8p?hlg8uoq(z§(zxg@non
tuop?°[ÃVpr(£ptg8%{S(£((zog8nn Sup?°uo{­§zxg@w-uuodwgjÂ[zonou(zopr(d «{r¨¦¨{¢©w­uodwgzog-uoq§zo£w¨{t°[³
¨¦¨uodwg@nxghnxuzoq§%uoq§zxg@np?zogwg8n-zo©§g@­  ¦i&-"F³ u®¢¼{?F¨g-¥rg-¨2©(w©zxg@%u]§zopr(d­(zxg@w©%ux{Sz  ¦i"/fjpAv­§g
q§nxg@©­c¸Yuo{wg8p?¨2g$%.%g8Sux¨v¢uod¶©(w©zxg@%u(zp?§dwg8n8³
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï À
TRACE
CACHE
instruction
window
cache
L2BTB
cache
L1
FETCH
UNIT
trace
block
FILL UNIT
retired instructions
rename /
dispatch
trace finalized
update
align/
decode
branch
predictor
 rq§zxg cdwgc/zp?%g 7prdwg?³
  ±w Ù c¸¤(zo{¥twg@n3zo{rqwSdw¨¦v]uodwg7noprfhg5(zp?(d;(zog8w©%uo¦{Sp?8-q(zp?-v]p?nV{rwg-=(¨¦{w°prdwg8pr
fhg@d(p?w©nfhn`¢uod£g8ªtqw¥p}¨g8Sunxuo{rzp}rgzog8ªtqw©zxg@fg@Suon  Ði.-/"=³j]np­zxg@noqw¨u-Ãc¸ ({rq(w¨g8n;udwgj§n~
uzoq§%ux{r. «g-ud(pr(w¢©wuod*¢dwg8uodwg;(zog8w©%uo¦{Snouozq(%uq(zog8n7p?(uodwg`§nxuzoq(-ux{r*-p?d(g]p?zog Ìq(¨¦¨v
({rq(w¨g%®K{rzouxg83³ *{¢7g-¥rg8z8Ã}w{rq§w¨¦g-=K{rzouxg@ nouozq(%uq(zog8np?zog¼ Ìp?zfh{rzog7-{rnoux¨v p?§ uog8(hux{Kgnx¨{¢7g8z8³
Y-{rnou~=g%ÔÛg8%uo¦¥rg`p?¨¦uog8z(p}uo¦¥rg]©nux{j(pr(°rF©Suxg8zo¨g8pA¥?g]uodwgc¸Ynxuzoq§%uoq§zxg@n7no©(%g;©ruog8zo¨¦g@pA¥twhw{tg8n
({?ufj(p?zKg8zx «{rzfjp?(-gnxrw¦ÂK8p?Sux¨v.p?nzog8K{rzouxg@©­nxg@%ux{r*Ó§³ Ó§³
   ! 50&* I0&*- 
cd(g`c/zopr%g`7prdwg ¹Fc»¼p?((zo{rprdd(p?n7zog8%g@Sux¨vjKg-g@.©S¥?g8nouxrp?uxg@3 Ði@wÃÛi8ÑwÃtÓ"=³Ic¬©n¼p  Ìqw¨¨¦vS
(g8%{wwg@µ8p?dwghdw{?¨©w©w*uzopr%g@n{? 5§nxuzoq(-ux{r(n8Ã2F³ gr³wvw(p?fh©nog8ªtqwg@(%g@n]{? 5©(nxuzoq§%ux{r§n-³]n`p
zog8nqw¨u-Ãr(nouozq(-ux{r(n
 Ìzo{rf uodwgnp?fhguzopr%gfjpAv Kg-¨{rwuo{ nxg8¥?g@zop?¨S©(nouozq(%uo¦{Sjw¨¦{w°tn8³/c/zopr%g@np?zog
§qw¦¨uwvw(prf©-p?¨¦¨vpr(*cD-pr*(g-¨¦¥rg8zphuozp?-g]g@p?d¶%vw%¨g?³
¿Ödw¨gc¸8p?²Kg¥Sg-¢7g8£p?npr²p?w¥p?§%g8£fhg8d(prw©nofàuo{½(zo{¥S©wgdwrdt®(pr(w¢©wuodC§n~
uzoq§%ux{r* «g8uodw©w§ÃÛcD¨¦g@p?(nux{fh{rzog(zp?fjp}uod§p?wrg8n©(zx{w-g8nnx{Szwg8no¦S2³npzxg@noqw¨u-ÃKuodwg
©S¥?g@nxuo¦Sp}ux{rh{? 2fjprrvjc±(p?zp?fhg8uxg8zn©n Ìprz Ìzo{rf§g8w {¥?g8z8³cd(g]c/zopr%g]7p?d(g%{StÂ§rq§zop?ux{r
q§nxg@ud(zx{Sqwrd({rqwuuod(g(p?Kg8z©nwg8(-uxg8¶©  rq§zxgw³
 @ ' ' B@   c/zopr%g8n¼p?zogrzo{rq§(nI{? V%{r§nxg@-qwuo¦¥rg-¨vhw©n(p}udwg8©(nouozq(%uo¦{S(n8³
cd(g  ¦¨¨ ]wu`¹  ;»
©n`²d(przxrg {? ¼(qw¨(wnq(dCuozp?%g@n;p?(µux{nxg@(Cuodwg@fàux{cÕuo{­Kgnxuo{rzog82³hczp?-g8n`fjpAvµ§g
§qw¦¨un§g@-qw¨©p}uo¦¥rg-¨v*¢d(¦¨g w©no§p}uod(w©(nouozq(%uo¦{S(n8Ã({rzp?uzog-ux©zog8fhg8Su-³+*{¢7g-¥rg8z8Ãw «g-udw©w{rw¨v
p «g-¢Y§nxuzoq(-ux{r(n Ìzx{Sf pjuzopr%g{Sp.(przxuop?¨VcÒdw¦u]n]fh{rzog¨¦©°}g8¨¦v¶ux{.{w8-q(z¢d(g8uzopr%g8np?zog
§qw¦¨un§g@-qw¨©p}uo¦¥rg-¨v?³
<=< û(>>?@
-  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
cd(zo{rq(rdw{Sqwu udwg(p?Kg8z8Ã   -{?¨¨¦g@%un©(nouozq(%uo¦{S(njp}ujzxg8ux©zxg@fhg8Su-³º¿Ödw¨g¶zog-uozo(Cp?¯§n~
uzoq§%ux{r3Ã  Yuzxg8n7ux{fhg8zo?g`u7¢uod¶udwg;uozp?%g;-q§zozog8Sux¨v.Kg-©w(qw¨¦u8³ 4`(%g;p}u¨g8p?nou7{rwg;{} /uodwg
Â[(p}¨ 9@p}uo¦{S-{r(wux{r§n
n
 Ìq(¨ÐÂ§¨¨g82Ã  Öp}¨¢7pAvwn
wg-¨¥?g8zn
uod(guozp?-g7uo{c¤pr(jnxup?zouonpwg8¢±uzopr%g?³
ndwg@fgq(K§p}ux©w.cD{r(¨¦v*{rpcÒfhnn¢p?n©Suozo{t§q(%g@­  ¦i8"=³cdwg (p?uod­g8f§g@(wg@
©udwg]uzopr%gzog8fjp?(n7q((d§p?wrg8q(Sux¨Ûuodwg`uozp?-g©n¼°S©°}g8.{rqwu¼{} Vc¬p?§.zxg-=§qw¦¨u-³ cdw©n¼ndwg@fg
p?¨¦¨g-¥t©p}uog8nuodwg­wg-g@º «{SzhpC(q(p?¨Ð®§{Szxuog8±c (qwujp}uhuodwg-{rnou {} `pµ¨{¢¼g@z «g8uod¯§p?(w¢©wud±Kg%
8p?q(nog{? -{r2K-uonpr(½p¨©p?°{} 5pr(p?wup?w¨¦u®vr³ ß (wg-g@2Ã[{rq(z]nx©f qw¨©p}uo¦{S(nndw{¢Õuod(p?u]-{rSux©tqw{rq(n
zog8-{rzw©w{} Iudwguzopr%g@n©(-zog8prnxg@nuodwgjpA¥?g@zop??gtq(f Kg8z]{} I©(nouozq(%uo¦{S(n «g8uodwg@µKg8z`%vw%¨g?ÃÛp?§
K{t{rnouon]§g@z~ «{Szofjp?§%gSvf{Szxg uod(pr½}Ñ*Á³ *]{¢¼g8¥?g8z8Ã§zog8-{rzw(uozp?%g@nw{ru{r(¨¦v­{rcÕfh©nonog8n
zog8ªtqw©zog8n(q(p?¨Ð®K{rzouxg8*{rz(p?(°r=Suog8zo¨¦g@pA¥?g8*nxuo{rzp}rg`nouozq(%uq(zog8n8³{ruxguod§p}uno§%gcD¢zxuxg@n-pr
Kg.(qtÔÛg8zog8£¢uodw{Sqwu wg8¨pAvt©wczog8pr(n8ÃVp(p?§°?=©ruog8zo¨¦g@pA¥?g@½c§zx{¥t©wg8n;udwg.noprfhgh¨g-¥rg-¨I{? 
Kg8zx «{rzfjp?(-g`prnp Ìqw¨¦¨v*§q(p}¨¦=K{rzouxg@*c]³
!;qwg uo{.¨fhuxg8µd(p?zw¢p?zog;zog8no{rq§zo-g8n8Ã(q(­ux{ ¾§nxuzoq(-ux{r(n-p?Kg g@f Kg8((g8­©ruo{p.no(?¨g
uzopr%gj¹xi.-j­fh{rnou(q§w¨¦©ndwg8­nouoq(wg8n»³n¦u¢p?nK{?©Suxg@*{Sqwu©  Ði@Ñ/"FÃKuozovtwuo{.p}¨¢7pAvwnfjp}ud
udwg.ªtqw{?up­{} §nxuzoq(-ux{r(n;©(8zxg@p?nog8n;uod(g.Sq§f Kg8z{? 7©(nouozq(%uo¦{S(n; «g-udwg8²q(K{rºpc dwu(qwu
nog-¥rg8zog-¨vfj(p?znc d(¦uzp}uog?³
  ( Ø  @ B  ' @ ( @ÌÝ;BÝ B Þ @  @aÝ B   ß ¬uod(g­no©f qw¨©p}uo¦{S(n(zog8nog8Suxg@¤©±udw©n(p?Kg8z8Ã  ÂKznxu
§qw¦¨©(n(¨¦{w°tn{} %{S(nog8-q(ux¥?g©(nxuzoq§%ux{r§n§g- «{rzog.fhg8zo?©w­uodwg@f ©Sux{uozp?-g8nprn;# ¦i8Ñ(ÃVÓ"=³¶
(¨¦{w°g8((n5{rp(zopr(d2Ãr{rp?j©Suxg@zozq(wu8Ãr{SzI¢dwg@juodwg`ªSq({?uop{} 3©(nxuzoq§%ux{r§nI©n5zog8p?d(g82³ ß  3uodwg
(g-¢¨v*(qw¨uw¨{t°*-pr(w{?uKg fhg8zo?g@©Sux{uod(g -q(zzog8Suuozp?%grÃ(uod(guozp?%g©nÂK§p}¨ 98g8­p?(­pwg8¢
uzopr%g`nnouoprzxuog8.¢uod*uod(g;(g-¢¨v(qw¨¦uw¨{w°jÂKznxuK{rno¦uo¦{S2³Icdw©n7d(¦Sdw¨¦v¨¦©fh¦unzxg@(q(((pr(%g8n
©c¯nx©(%g  Dd§p?nIw{ (nordSuSuo{uodwgªtq(p?¨¦u®v {? [udwgwvw(prfh(przxuo¦uo¦{Sw©w¦u¼(qw¨(n8³ ß (wg8g82Ã
p(p?no©w¨{w°hfjpAvj¨¦g`*fjp?SvwÐÔÛg8zog8Su7uozp?-g8nI¢d(¦¨g]udwg;noprfg`(p?no©]w¨{w°tn5p?zogg-swg8-q(uxg8{¥?g@z
pr({¥rg8z8³/¼{r§nx©wg8zo©w](prnx©7w¨¦{w°tn
p?n
p}uo{rfh©¼q((¦un
np]¢7pAv;uo{]¨fhuI%{Sfh§qw¨no{rzovp?(-pr(p?-¦u®v
c¤fhnnxg@np?n
g-sw(¨p?wg@ © Ði@Ñ/"F³  q§zxudwg8zfh{rzog?Ã?p;wg8¢±dwg@q(zx©noux©¼¨g8prw©w;ux{p;§g8uxuxg@zI(przxuo¦uo¦{Sw(
Sv  ·©n©ruzx{w(q§%g8*©tg8%uo¦{S¶À(³¦ir³
c/zopr%g@nprzxgI©wg@ruoÐÂKg8 Sv;uod(g7pr((zog8nnV{? (uodwg¼ÂKznxu/§nxuzoq(-ux{r-{rfw(g8¢uod uodwg7{rqwu%{Sfg@nV{? 
-{r((¦uo¦{S(p}¨S(zopr(dwg@n2g8f§g@(wg8udwg7uozp?%gr³  §p}¨ 9@p}ux{r-{r((¦uo¦{S(nVfq(nxug8(nq(zog5q(w©ªtqwg8(g8nn-³
 YÂK§p}¨ 98g8nphuozp?-g`¢d(g8 
 uodwgªtqw{ruoph{} 
©(nxuzoq§%ux{r§nnzog8prdwg82Ã
 uodwgªtqw{ruoph{} 
¸D-{r(wux{r§p}¨3(zp?(d(g8n7nzxg@p?dwg@2Ã
 uodwg¨©p?nou©(nxuzoq§%ux{r*©*udwguozp?-g]©npr©(w©zxg@%u
|xq(fj¶{rzpjzog-uq(zo3Ã
 p?¶g%s(-g8wuo¦{S{w-8q(zn-³
  ( Ø ( Ø r Ø @   uozp?-g­nj©wg8SuoÐÂ§g@´rv¯¦unnxup?zoux©wºp?((zog8nnj%{Sf w©wg8±¢uod¬uodwg
{Sqwuo-{rfhg8n;{? %{r§w¦uo¦{S(p}¨¼(zopr(dwg@n;g8f Kg8§wg8£©ruo{½uod(g.uozp?-g?³ ß  c zxg@%{rz(nfh{rzoguod§p?£{rwg
uzopr%ghnxup?zoux©w¢uodµuodwgjnoprfhgp?§(zxg@non8ÃÛuodwgjndwg8fhg ©n;-p?¨¦¨g8yp?uodµ]nono{w%©p}uo¦¥tu®v  ¦i8"F³yp?zoux©p}¨
Cp}uod(w  ¦i8"(¢p?n/©Suozo{t§q(%g@ uo{(zxg8¥?g@ru
nq(d§qw¦¨©w©wrn8³ 4`p;c¯dw¦uI§qwuIp;(p?zoux©p}¨wfjp}ud {S
§zopr(d{Sqwuo-{rfhg8n8Ã}uod(g  g-ud"]wug%swuozp?-uon/uod(g(nouozq(-ux{r(n/ Ìzo{rf·udwguozp?-gq( uo{uodwg(¦¥rg8zo?©w
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï $
K{?©Su-³c/zopr%g8n5p?zogw{ ¨{r(?g8z5p}ux{Sfh]q(wuon¼{} 3¢7{rz°K³/cdwg{Sqwuo-{rfhg8n5{} 3udwg]-{r(wux{r§p}¨K§zopr(dwg8n
przxgq§nxg@ux{hwg-uog8zf©wg¦ Vudwg]c±dwu¼¢p?nIux{?up}¨[{rz¼(p?zoux©p}¨F³ ß u7d(p?n¼§g8g8.ndw{¢j©, ¦i8Ñ/"Ûuod(p?u¼K{?ud
ndwg@fg@n?¥?g;nx©fh¦¨©p?zzog8nqw¨uon8³cdwgyp?zoux©p}¨2µp?uodw©wjnodwg@fhgnq(nog8*©*udw©nnxuq(wvr³
   B  ` Ø Þ @ } @ÌÝ;B  y5zog8(-ux©w%{r§w¦uo¦{S(p}¨(§zopr(dwg8n/¢dwg@q§nx©wc¤d§p?n
§g8g8j%{S(nowg@zxg@
©­p «g-¢Ynxuq(wg8n  (Ã3i@Ñ/"F³
cdwgyp?uody5zxg@w©%ux{Sz   "(np;%{Szozog-¨©p}uog8(zxg@w©%ux{Sz/((g%swg8hSv §{ruodhuod(gnKg8-q(¨p?ux¥?gy5zo{?rzp?f
¼{Sq(Suxg@z¼pr(uod(g`n§g@-qw¨©p}uo¦¥rg]r¨¦{S(p}¨[(zp?(d.d(noux{Szxvr³ ß u7nwg@w©%uxg@.©  rq(zog]§³ ¼p?d.g@Suozovh{? 
udwgyp?uod.y¼zxg@w-ux{Sz¼(zo{¥t(g8nI¸ (zog8(-ux{r.wuon¼ux{j(zog8w©%u¼uodwg`{rq(uo%{Sfhg{} q§ux{¸Ö%{r§w¦uo¦{S(p}¨
§zopr(dwg8n8³µ]¯p?§w¦uo¦{S(p}¨nouop}uog*wujzxg@%{rz(nudwg­nxuzxg@w?udº{} udwg¶§zxg@w-ux{r2ÃI§zx{¥t©w(µnx{Sfhg
©wg@zxuop¢dwg8£q([(p}uow¶uod(gyp}udµy¼zxg@w-ux{Sz ({¶q([(p?uxgh{} 5udwgjuop?(¨¦ghn;w{Swgh¢dwg8Cp*fh©no(zog%
(-uxg8­(zp?§d*¢p?nnouozo{r(?¨v.rqwg@nonog8*g%s(-g8wuuo{.zxg@nxg8uuodwgnouozo{rwwu-³ 4`­p%{Szozog8-u7(zog8(-ux{r2Ã
udwg nouozo{rw.(¦u©nnog-u8³7cd(g nx:9-g {} Ip?¶g8Suzxv*udwgyp}ud­y5zog8w©%uo{rz©(-zog8prnxg@n¨¦©wg@p?zo¨¦v*¢¦uduodwg
tq(f§g@z{? §zxg@w-uxg@º%{r§w¦uo¦{S(p}¨7(zp?(dwg@n¹Ì¸»³/cdw©n §zxg@w-ux{Szn ¥?g@zxv£nxg@(nxux¥?gux{µp?¨¦©p?no(
g-Ô[g@%un  (i" ¢d(g8wg8¥?g8z7udwg(zxg@w©%ux{r*{r*uod(g]Â[zonou(zopr(dd§p?wrg8n8Ãtp?¨¦¨2udwg;w «{rzfhp?ux{r*{r*uodwg
 «{r¨¦¨{¢©wh§zopr(dwg8n7©n¨{rnou-³
cdwg(zog8(-ux{rzh(zo{rK{rnog8¤Svºyp}uog-¨FÃ  zxg8((¨¦v¤pr(¤yp}uouj  Ði@Ñ/"{¥?g@zo-{rfhg8n uodw©nj¨¦©fh¦up}uo¦{S
¢uod*p ¢©wg@z5©(w¥t(q§p}¨2(zog8w©%uo{rz8³ ß  /q(.uo{¸Ö-{r(wux{r§p}¨Û(zopr(dwg@n¼przxg`(zxg@w©%uxg@2Ãtg8prd.g8Suzxv
©­uod(g (zog8w©%uo{rzuoprw¨g %{S(nx©nouon{} ¸Õnxg8uonAÃV³³Ã	?Ã³¦³Ã
Ö{} zxg@noKg8-ux¥?g-¨vµirÃV³³¦Ã  ÃV³³Ã 

=(¦u;%{Sq(Suxg8zn8³	(zx{¥t©wg8n`udwg(zxg@w©%ux{rµ «{rz`udwgruod£%{r§w¦uo¦{S(p}¨(zp?§dµp?n] «{r¨¦¨{¢n 	jn
©(wg-swg8­¢uod½udwg§p}uod²¹Fq(now*uopr°}g8w=w{ruuopr°}g8[»(zog8w©%uog8Sv  Ã/³³¦Ã  ³u]g8ªtq(p}¨/tq(f Kg8z
{? /g@Suozo¦g@n-Ãwudwn](zog8w©%uo{rz{rq(uoKg8zx «{rzfhnudwgyp}ud¶y5zxg@w©%ux{Sz-³
*{¢7g-¥?g@z-Ãtudwgyp}ud*y¼zxg@w-ux{Szd(p?n
pnq((nouoprSux©p}¨¨¦v²dwrdwg@ztq(f Kg8z {} g8Suozog8np?ug8ªtqw¥p}¨g8Su d(przow¢p?zog(q(wrg-u8³,4`q§z nofqw¨p?ux{r(n
ndw{¢7g8 uod(p?u-Ã?g8¥?g@ «{Sz
¨przxrg7(q(u
ÂKwuxgd(p?zw¢p?zog7§q(w?g8u¹aq(hux{ À(i@8wuon»Ã}udwgyp}uodhy5zog8(-ux{rz
g-s(dw(¦unpdwrdwg@z(zxg@w©%ux{r­pr--q§zopr%v¢dwg@%{r§nx©wg8zo©w  Ìzo{rf jux{ -j%{S(wux{r(p?¨V(zp?(d(g8n©
phuzopr%g?³
ß ­{Szowg@zux{§zxg@w-uuodwgwg%swuuzopr%gp?(§zxg@non8Ã§cDzxg@%{rz(np?¨¦¨3g-sw¦upr((zog8nnxg@n-³¼cdwg8nogp?zoguodwg
Â[zonoup?(§zxg@nonog8n{? ({rt®(zog8w©%uog8­(p}ud(n¹a{r(przxuop?¨Vfjp}uod[»7p?n¢7g-¨¨prnuodwgwg%swupr((zog8nn{} uodwg
§p}uodzog8-{rzwg8¶©uod(g uozp?-g¹ÌÓ¶p?((zog8nnog8n7 «{rz].%{S(wux{r(p?¨(zp?§dwg8n»³lg8uoq(zuoprzxrg-ung8((w
puozp?-g p?zog (zog8w©%uog8ud(p?§°Sn]ux{¶p.lg8uoq(z½]((zog8nn;Sup?°0 - "F³ ß (w©zog8%u5|xq(fj½up?zo?g-unfjpAv§g
noux{Szxg@ ¢uod(judwguozp?-g{rzKg(zog8w©%uog8jSvp;u®¢7{}=¨¦g8¥?g-¨t©(w©zxg@%uI(zp?§dh§zxg@w-ux{Sz-Ã?prnwg8n-zo©§g@
©  Ði"F³
  ( @ B D´Ý >  BB 8- ? @aÝ B ( Ø  u`g8ªtq(p?¨/no 98g8n8Ã2cYnoqwÔ[g@zon Ìzx{Sfpdwrdwg@z]fh©non;zp}uog
ud(p?;pr]©(nouozq(%uo¦{S-prdwg?³ ß `{Szowg@zÛux{¨©fu3udwg5Kg8(p?¨¦u®v](8q(zzxg@]{S;c½fh©nonog8n8Ã@p-{rS¥?g@Sux{r(p?¨
©(nouozq(%uo¦{S½-prdwg ndw{rq(¨½Kgjq(nxg@  ¦i8ÑwÃ
i8"
prn¨¦¨©q(nouozp}uog8©  rq(zogw³;¨¨{t8p}uow*uodwgjnoux{rzp}rg
zog8no{rq§zo-g8n
g8ªtq(p?¨¦¨vKg-u®¢7g-g@juodwg]§nxuzoq(-ux{r8p?dwgpr(c±d(p?n¼§g8g8.ndw{¢hux{ Kg]p;r{t{tjuzoprwg%
{?Ô  ¦i8Ñ"F³
cdwg «g-ud½p?§(zxg@non§wg%swg8n`K{?uodµcÕp?(udwgh(nouozq(-ux{r½8p?dwg p?uudwghnp?fhguofhgr³`c
fh©non§qwup?(nouozq(-ux{rh-p?d(g7dwuzxg@noq(¨¦un
hp;§g@(p}¨u®v¨fhuxg8ux{p] «g-¢¬%vw%¨g8n
©{rzwg8z/ux{p?¨¦r2Ã
(g8%{wwgrÃp?(º(zo{w%g@non©Suozp®w¨{t°µzxg8?©nxuog8zzog8(prfhw­ «{Sz p?¨¦¨5 «g-uod(g8º©(nouozq(%uo¦{S(n-³ *]{¢¼g8¥?g8zp
no©w?¨gw¨¦{w°©n7 «g-udwg8­(q§zx©wjuodw©n-vt-¨¦gr³
<=< û(>>?@
  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
10
XOR
0
branch history
0 1 11 0 11 10
branch history
next trace
1101 1 0
1 s0
conditional
address
table
branch
outcomes
trace
MBP
strong/weak
read
write
Trace to be stored in the Trace Cache
 rq(zogcdwgyp}ud¶y5zxg@w©%ux{Sz-³
¾%{rS¥rg8Sux{r(p?¨3¸c¸¾¹  ¦Sq(zxghr»©nq§nxg@ux{§zx{¥t©wguodwghzxg@noq§f©wpr((zog8nn-³]t(-g zog-?©nouxg8z
zog8§p?fh(jpr(¶§nxuzoq(-ux{r­w©no§p}uod*©nw{r(gt={rzwg@z-Ãw©(nouozq(%uo¦{S(n «g-udwg8* Ìzo{rf c´ «{r¨¦¨{¢(
pjcÖf©nnp?zog`§qtÔ[g@zxg@­q(Sux¨3uodwg8v*8p?¶§gnp «g8¨¦vzog8§p?fhg8¶p?(¶w©no§p}uod(g82³
  . 3#5-7 $ 5-7F3#5$ 0 2 I$ $   0 2 ').
 B 8- /} @aÝ B    B Þ ÜA@ ÞV   c¸ «g8uodwg@n{rw¨v½u®¢7{½w¨{t°tn;©²pnx©w?¨g%vw%¨g(p?((¢wud£n
zog8p?¨¦¨v¯-{rzzxg8¨p?uxg8¯ux{ºudwg¨¦g@w?ud¬{} ;uodwg½w¨{w°tn-³ ¸v±-{rSuozp?nou-Ã¼§nxuzoq(-ux{r(n «g-uod(g8¬¢¦udw©¬p
uzopr%gp?zogp}¨¨Vzog-¨g-¥p?Su©-prnxg;{} Ipjuo{?uop?¨Vfjp}ud2³
*]g8(-g?ÃKcÒ(pr(w¢©wuod­©nfjp}©w¨v*nog8(noux¥?gux{
udwg ¢pAvuzopr%g@np?zog(qw¨u-³4`µp.-prdwg dwu-ÃÛcÕnod({rqw¨©(zo{¥S©wgudwg g-swg8-q(ux{r%{Szxg ¢¦ud½fh{rzog
©(nouozq(%uo¦{S(nuod§p?¶c¸Y¦ 
uodwg;Â§¨¨Vq((¦uKg8zx «{rzfjn¢¼g8¨¦¨F³
 B 8- /} @aÝ B 	Ø Þ B Þ/ B  Ù t(-gjuodwghÂ§¨¨q(wu;p?¨¦¨{¢n`p*(prnx©hw¨¦{w°­uo{¶Kgjg8f Kg8§wg8µSux{
fh{Szxgjuod§p?£{rwgjuzopr%g?Ã/cY¢¨¦¨¼noqtÔÛg8z Ìzx{Sf pdwrdwg@zf©nnzop?ux{*ud(p?²c¸³V½{rzog-{¥rg8z8Ã2t «{Sz~
fjp?ux{r¶ «{rz]p(zp?§d
	n]wnKg8znxg@{¥?g@znxg8¥?g@zop?¨2y *]c·g@Suozo¦g@n¢dwg@	`n`zog8w¨8p}uog8­©½nxg8¥?g@zop?¨
uzopr%g@n-³cdwg@zxg- «{rzog`cÖnodw{Sqw¨©*©fjw¨-¦uo¨¦v*?g-upjdwrdwg@z(zp?(d¶fhn(zog8w©%uo¦{S*zp}uog`ud(p?¶c¸³
& @  Ø Þ @ } @ÌÝ;B  Ø B  'Ì Ù  ¸g% «{Szxgw©no§p}uod(w©(nouozq(%uo¦{S(n©Sux{uod(gg%swg88qwux{rj-{rzog?Ã}©(nouozq(
uo¦{S(n7 «g-udwg8* Ìzo{rf,pr¶(nouozq(-ux{r¶-p?d(g;fq(nouKg;ÂKznxup?¨¦r(g82Ã(wg@%{wwg@2Ã(p?(­zog8(prfhg82³5S©(%g
c ©npwg@%{wwg8w=8p?dwgrÃw{Swg.{} udwg8nog.p?-ux{r(nd§p?nuo{µ§g*§g@z~ «{Szofhg8£g-sw-g8wu «{rzudwgzog-?©nouxg8z
zog8§p?fh(`¢d(g8zogc¯npA¥?g8n/udwgSuog8zx=wg@§g@(wg@(%vhdwg8°S©w1 ¦i8"F³cdwgw©Kg-¨wg©nIndw{rzouxg@z
jc]Ã
¨g8prw©wjux{ph¨¦{¢7g8z(zp?(d¶fhn(zog8w©%uo¦{S*Kg8§p}¨u®v.uod(pr­c¸ ³
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï 
   -	 8	-	*$   	*V-2	* -	  ²7  *
Cp}©rup}©w©w%{r§nx©nxuog8(-v.§g8u®¢¼g8g8­c pr(­fjp}©*fhg8fh{Szxv.©nw{ruphno©fh(¨¦g©nonqwgr³
ß ((g-g83Ã5pµw¨{w°²fhpAv²Kg¶zog8w¨©-p}uog8¤nog-¥rg8zp}¨Iuofhg@n©¤c]³
4`¤prrv£¢zo¦uog*uo{Cpµ(¨¦{w°[Ãuodwg
§zx{Sw¨¦g@f,©nÂK§w(.{rqwu¢dwg-udwg8z{rwg{Sznxg8¥?g@zop?¨3%{r(¦g@n{} udwn]w¨{t°¨¦g©cÒp?(­udwg-©z¨{w-p
uo¦{S2³cdwgj%{Sw¦g@n;f q(nou`KghS¥p}¨§p}uxg@¤¹Fq(K§p}ux©wnog-g8fjn]{rqwu`{} 7ªSq(g8noux{r½©£c»³2cdw©n]©n;w{?u
nouozp}rdSux «{rzo¢7przop?up}¨¨3§g@-p?q§nxg;uod(gw¨¦{w°.fjpAv({?u§gudwg;ÂKznxu{Swg;¶udwguozp?-g?³
tq§d*no¦uq(p}uo¦{S(np?zog]¨©°}g-¨vux{jKg;q§(%{Sfhfh{S*(q(ufjpAv.d(pr(Kg8*{rprSv¢zxuxgr³  q(zouodwg@zofh{rzog?Ã
prn]no{t{r½prn]p¶(dSvwnx©-p?¨(p??gh§g@%{rfhg@n]¢zouop?(¨¦g*¹aSv½p?Sv(zo{t-g8nnxg@n»Ã[p¶ªtqwg8noux{rµp?zonog8n -pr¢¼g
Sq(p?zp?Suog-gud(p}u({j Ìzop?rfhg8Su7{} 
uodw©n(p??g`¨¦g8n©­c
c{{Sq(z°tw{¢¨g8wrg?Ã[w{no{?¨©qwux{rd(prnKg-g@½(zo{rK{rnog8­ux{¶fjp}©rup}©%{Sdwg8zog8(-v*Kg-u®¢7g-g@½fjp}©
fhg@f{Szxv.pr(­c]³w¿Cg§zx{S§{Snxgdwg@zxgnq(d*pjd(przo(¢7przxg;nx{r¨q(ux{r2³
¼{Sr¥rg8Sux{r§p}¨Kd§p?zw¢7przxg8p?dwg]%{rd(g8zog8(-g(zo{?ux{w-{?¨©nIfjp}©rup}©.%{Sdwg8zog8§%vjp}u5udwg;w¨¦{w°¨¦g8¥?g8¨a³
¿£g(zo{rK{rnogux{jfjp}©Suop}©.up}uuod(g;§drvwno8p}¨Û(p}rg]¨g-¥rg-¨FÃta³ g?³Ip} «uxg8zp¢zxuxg`{w-8q(zon7{Sph(p}rg?Ãt¢¼g
Sq(p?zp?Suog-g ud(p}uw{Swgj{} 7uodwgjuozp?-g8n;noux{rzog8µ£c·-{rSuop?§n]©(nouozq(%uo¦{S(n` Ìzo{rfuod(n§p}?gr³ 4`q(z
no{?¨©qwuo¦{S©nwg8zo¥?g8 Ìzo{rf udwg§wzog8-u~=uop???g@8p?dwg(zo{rK{rnog8  ¦i@À."=³
 ©zonou-Ã¼¢¼gp?§¯p£wg-¢ %{r§nxuzop?Suh{r¤uzopr%g*ÂK(p?¨¦:98p?ux{r ¶p}¨¨(nouozq(-ux{r(nh©±pCuozp?-g¶fq(nxu
Kg-¨{r(huo{juodwgnp?fhg(dSvwnx©-p?¨3(p}rg?³
Ò(dSvtno©-p}¨[(p}rgtq(f Kg8z¼-p?d(g¹Ìy=8p?dwg»
©n5q(nog8prnI©, ¦i@À."=³ 5p?djg@ruzxvh{} 3udwgy=8p?dwg
-{r(no©nxunµp.(dSvwnx©-p?¨V(p}rg tq(f Kg8z]p?(p%{rq§ruog8zzog8§zxg@nxg@ruo(uodwghSq§f Kg8z{? uozp?%g@n©½c
Kg-¨{r(?©wuo{uod(gh(p??gr³`cdw©n;%{Sq(Suxg8z]p}¨¨¦{¢n]ux{¶wg-uog8zfhwgh¦ 5uodwg@zxgn;prrv¶uozp?-gKg-¨{rwr(ux{
p*(p}rg ©µc]³[¿Ödwg8(g-¥?g@z]puozp?-g ¨¦g@n]©µc]Ã[uod(gh(p??g¦u;§g8¨¦{Swrn]ux{£Ä1tÆÍ/§gjzog8(zog8nog8Suxg@©
udwgy=8p?dwgr³7cd(g§wg%s§{Snxux{r¶{? 
udw©n(p??g©­uodwgy  ®-p?d(gnnxuo{rzog8­p?n§p?zou{} 
uodwguop?
©­c]³
µp?Sup}©w(%{S(nx©nouxg8§%v¶n]w{rwgp?n «{r¨¦¨{¢n8³¿£zo¦uog uzopr(nopr%uo¦{S(np?zognw{t{rKg8Sv­uodwgy  
8p?dwgr³¿Ödwg@wg-¥rg8zp*¢zxuxgj{w-8q(zon`{Sµp¶(p}rghzog8(zog8nog8Suog8½©Cuodwgjy=8p?dwgp?nno{t-p?uxg@¢¦udCp
({rt 9-g@zx{h¥p}¨*uozp?-g;-{rq(Suog8z8Ãwuodwg¢zo¦uogfjpAv.S¥p}¨©(p}uog;nog-¥rg8zp}¨2w¨{w°Sn©­c]³§npzog8nqw¨u-Ã(p?¨¦¨
udwguozp?-g8nKg-¨{rwrwjuo{hudwg(p??gf q(nouKgS¥p}¨§p}uxg@2³
 p?nounog-¨g8%uo¦¥rg©S¥Ap?¨¦©(p?ux{rºfjpAvº§g­§g@z~ «{Szofhg@²uod(zo{rqwSdºuod(g*q(nog{? ;7fhg@f{Szxg8n8Ã(qwu
udw©nfhpAvCzxg@ªSq(zoghpr(wux{r(p?¨¨¦{r?©pr(C¢¼{Sqw¨£Kgjªtqwuxg.K{¢7g8z;%{S(noq§f©wK³ *]{¢¼g8¥?g8z`nq(dµ©t
¥p?¨¦©(p}uo¦{S(nprzxg¨¦©°}g8¨¦v­uo{*Kg¥rg8zov¶q(§%{rfjfh{rµp?n`nodw{¢µ§g8¨¦{¢(zo{¥t(w*-p?q(ux{rq(n]wg8no¦S½p?§
-{t{rKg8zp}ux{rh¢uodudwg{S§g@zop?ux©w novwnxuog8f¶³/]n¼pzxg@noq(¨¦u8Ãr¨g8nn5p??rzog8nno¦¥rg¼©S¥Ap?¨¦©(p?ux{r.ndwg8fhgfjpAv
Kgfh{rzog`-{rnou~=g$%.%g8Su8³
u¨g8prnxu8Ãwuod(zog-gno¦uq(p}uo¦{S(nfjpAv.¨g8p?*ux{(p??g;©r¥p?¨¦©(p}uo¦{S(n©*c 
i?³uodwgzog8(¨pr%g8fhg@ru{? /pw{StFg@fjwu®v(p??g`¶uod(gy ®-prdwg?Ã
w³ph¢zxuxg©Sux{pjq(nxg@¶(nouozq(-ux{r¶(p}rgh¹Fzxg@(zog8nog8Suxg@.©*udwgy=8p?dwg»Ã
(³uodwg;©S¥Ap?¨¦©(p?ux{r{? p (p??g¹azog8(zog8nog8Suxg@©.uod(g`y  ®-p?d(gA»Svudwg]µg8fh{rzovjµp?(p??g@fg@Su
]wu-Ã/ «{r¨¦¨{¢¼g@²rv²pwg8¢ prnonor(fhg8Sup?§²¢zxuxg@nSuo{½uodw©n §p}?g­¹Ì «{rz©(nouopr(%g{Sº(p}rg
nx¢p?§n»³
<=< û(>>?@
i@Ñ  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
y5zo{¥t(g8no{rfhgp?nnx{w-p?ux¥Su®v*pr(p¨©p?zo?g{¥rg8zx=no 98({S­uodwgy ®-prdwg?ÃKuodwgÂ[zonouno¦uq(p}uo¦{S
¢¨¨Kp?§§g@p?z{Sw¨¦vh{rno{rfhg¥rg8zov(p?uodw{r¨¦{r?©-p?¨(-p?nog8nI¢dwg8.q§nx©wudwg %tqw¨¨K-{rq(Suog8z zxg@w¨pr%g@fg@Su
K{?¨©%vnqw?rg8nouxg@©3 ¦i@À/"F³
cdwgnog8%{S(no¦uq(p}uo¦{SfjpAvp?zonog5{Snxg8¨Ð ¡®fh{wwÐ «vt©w;%{wwg8n{rz¢dw¨¦gwg@(qw?r(p?p?(w¨©-p}uo¦{S
 «{Sz7(nouopr(%gr³Icdw©nnxuoq(p?ux{r*frdSuKgpA¥?{?©wg@¶fh{rnou-p?nog8nSv.udwg;{rKg8zp}ux©wjnxvwnouxg@f Ð /{rw¨v
©(nouozq(%uo¦{S(n7 Ìzo{rf,zog8prtF{Sw¨v.(p}rg8np?zogp}¨¨¦{¢7g8­c]³
cdwg¶uod(z¯no¦uq(p}uo¦{S¯fjpAvºp?zonog*fh{Szxg*{} «uxg@¤¢dwg@¤udwg*¥t©zxuq(p}¨fhg8fh{Szxv²©ng-s(d(p?q(nouxg@¤p?§
§p}?g@nprzxg¼{} «uog8 no¢p?(Kg82Ã{SzV¦ K(dSvwno8p}¨t(p}rg8n/p?nnx{w%©p}uog8;¢uoduodwg7©(nxuzoq§%ux{r§n{? Kpuog8zfh(p?uxg@
§zx{w%g@nonprzxg`ux{t{ªtqw°S¨vzog8%vw-¨¦g@Sv.uod(g½g8fh{rzovµpr(p}rg8fhg8Su ]wu-³5Y(p??gfjp?(p??g@z¼pA¢p?zog
{? udwnw %.8qw¨¦u®v¶nod({rqw¨©g8¨¦©fh§p}uxgfh{Snxu{} 
uod(gS¥p}¨§p}ux{r§n-³
   µ/- 	  ¯7/4 
c/zp?%g¼(zx¥?g@nofqw¨p?ux{r(n¢7g8zog¼%{S((q(-uxg@ux{`%{Sfh§p?zog5c¸±pr( c]³A¨¨((p?zouonV{} §udwg(zx{w-g8nnx{Sz
¢7g8zog.fh{wwg-¨g8²uo{½?g8u§g@z~ «{Szofjp?§%g.zog8nqw¨¦un© ß (nouozq(%uo¦{S(nzog-ux©zog8£y
g8zh¼vw-¨¦g¹ ß y7»pr(ºw{?u
{Sw¨v.g%ÔÛg8-ux¥?g` «g-ud¶zp}uog8n8³cdwgnoprfhg;fh{wwg8¨2¢7prnq(nxg@. «{SzK{?uod­ndwg8fhg@n-³
8 '  8*- 0 5, 
¨¦¨{Sq(z;nx©f q(¨p?ux{r(n`¢7g8zoghzq(C{rCuodwg ß ¸ ]¨¦uzx¦sCKg8(d§fhprzo°tn1 Ði$."=³hcd(g8noghKg8(d§fhprzo°tn`¢7g8zog
uzopr%g@q(now;p`d(p?zw¢p?zog¼fh{rwux{Sz-{r((g8%uog8 ux{p ß yr=§p?nog8!  77nouop?ux{rzoq(§w( ]¨¦uzx¦s(³i?³
lg8nqw¨¦uo(¶uzopr%g@np?zog*i@Ñ?Ñ} §nxuzoq(-ux{r(n;¨{r(¶{SCpA¥rg8zp}rgp?§µudwg-v½©(-¨q((g.p?%uo¦¥tu®v Ìzo{rf p?¨¦¨
q§nxg@z~=¨¦g8¥?g8¨V(zo{t-g8nnxg@nprn¢7g-¨¨/prnudwg {S§g@zop?ux©w}®nxvwnouxg@f"°}g@zo(g-¨F³]cdwg@nxguozp?%g@nzog8-{rz­g%s(%g@wux{r(n
pr(*{rq(zfh{wwg-¨Vuop?°?g8n7uod(g8f,©Sux{.pr-%{Sq(Su-³
8  3I5$+*    $ 5 $ 5
¿£gfh{wwg-¨2©¶uodw©nnouoq(wv¶ph¥?g8zovp??rzog8nno¦¥rg(zo{t-g8nnx{Sz-³
cdwgji&-}F¢©wg;{rq(u~={} ¡={rzwg8z7%{Szxg` «g8p?uoq(zog8n
p­?À -=g8Suozov¶(nouozq(-ux{r½¢©(w{¢¾p?(¯i&-q§wÐ «{Szofà Ìqw¨¦¨vS=(Kg-¨(g8µ Ìq((%uo¦{S(p}¨q((¦un-³h§zopr(d
fh©no§zxg@w-u5©nwg-uog8%uog8*p?nnx{t{S.p?n¼uodwg;(zp?(d.n¼g%swg88qwuxg@2Ã(p?§§nxuzoq(-ux{r. «g-uod(whzxg@noq§fg`©
udwgwg-stu-vt-¨¦grÃ?¢dwg@zxg@p?n
p?g%s(-g8wuo¦{S ¢p}uon/ «{Szzxg8ux©zxg@fg@Su-³
cdwg§nxuzoq(-ux{r  «g-udhfhg@d(p?w©nfhn
ud(p}u¢7g`d§pA¥?g]no©f qw¨©p}uog8fjpAv.(zo{¥t(g]fh{rzog]ud(p?Ci&- §nxuzoq(-ux{r(nKg8z-vt-¨¦gr³¨¨2g%swuozp©(nouozq(
uo¦{S(np?zog(qtÔÛg8zog8­p?§¶pjfjpsw©f q(f,{} i&-h§nxuzoq(-ux{r(nprzxgwg@%{wwg@2Ã§zog8(prfg@*pr(¶wn(p?uodwg@
Kg8z`%vw-¨¦gr³  {Sq(z`(p}up®-p?d(gp?--g8nnxg@n-pr½Kg ©nonqwg8½Cp.nx©wr¨¦gh%vw%¨g?³`cdwg ¨©p}uog8(-¦g@n]q(nog8µp?zog
udw{rnog {? Iuodwg"!  7·¨(d§p*wiA -?Ó  À/"F³ V{Sp?(n]p?zogn§g@-qw¨©p}uo¦¥rg-¨v­nnoq(g8uo{uod(gh(p?uop*-p?d(g ¢dwg@
pr((zog8nnxg@n`{} ¼{r¨(g8znoux{rzog8nzog8fjp?£q((°tw{¢2³`§{S£prCpr((zog8nnwg8Kg8§wg8(-vCfh©no(zog8(-ux{r2ÃVp
nog-¨g8-ux¥?gzog8(¨pAvn¼w{rwg {Sw¨vhwg@§g@(wg@ru¼§nxuzoq(-ux{r(n¼p?zogzxg-F©nnoqwg@2³	Ip}¨©qwg «{Szx¢p?zw©w;n¼w{rwg
Kg-u®¢7g-g@­¨¦{Sp?(n]p?(­{r¨(g8znoux{Szxg@n¢dwg@p?((zog8nnog8nfjp}ud2³]S©(%g¢¼gw{w{ru¢p?Suuodwgh(p}up.fhg%
fh{Szxv­dwg8zp?zdrv*ux{*Suxg@z~ «g@zxg½{rq(z`nxuq(wvrÃ[¢7gfh{wwg8¨udwgh§p}uop-p?d(g ux{¶§g  Ìqw¨¨¦v½ªtq(prt=K{rzouxg@
pr(*tÂ[w¦uog?³
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï iri
8  $   0 5-7  0 5-2+" 0 5 '82= : 
ß ¶udwg wg-stunog8-ux{r2ÃK¢¼g-{rfj(przxgdw{¢Õc¸ p?(­cD§g@z~ «{Szof"¢dwg8­q(no(	xnofh¨prz
d(p?zw¢p?zog
§q(w?g8u-³
¾zx{Sqwrdfh{wwg-¨{} Iudwn`d(przow¢p?zog(q(wrg-u]n]uodwgxno:9-g
{} Iudwg8p?dwg@n-³ ß ½uodwghzxg@fhp?§wg8z{? 
udwg(pr§g@z-Ã/¢7g%{S(nx©wg@zuod(p?uuod(g*%{Snxu{? p?²©(nxuzoq§%ux{r²©n «{Sq(zSvtuxg@n©ºc¸"p?n¢7g-¨¨5prn©
c·p?(uon;prnono{w%©p}uxg@½(pr°r©w.©(nouozq(%uo¦{Sµ8p?dwgr³wq(dµp*f{wwg8¨zxg@p}¨¨¦vq(((g8zxFg@nxuofjp}uog8n]uodwg
d§p?zw¢7przxg`%{Snxu{} c no©(%g 
 §nxuzoq(-ux{r(nprzxgzog8-{rzwg8©­wg8-{wwg8tF «{rzfà¹Fnodw{Sqw¨©*Kgg-¥rg8¶f{Szxg`©fhK{rzouoprSu7©­p. ß (
ß t`»Ã
 p?((¦uo¦{S(p}¨2©t «{rzfjp}uo¦{S©nnoux{rzog8µ¹Ìgr³ K³Suozp=uozp?-g]wg@§g@(wg@(%g8n»Ã
 ¢¼g¶w{²w{?uuop?°?g©Sux{Cpr--{rq(Su udwg¶g%swuozp½%{Snxu{} udwg*Â§¨¦¨q(wup?(¤uodwg­p?((¦uo¦{S(p}¨¼ «g-ud
w©§g8¨¦©wg?³
8  ').
]n.(zog-¥t{rq(no¨¦v±fg@Sux{rwg@2Ã¢dwg8 q(no©w¤c¸ÃIudwg½©(nxuzoq§%ux{r´8p?dwgrÃ¼udwg½¸c¸"p?§ p}¨¨uodwg
§zxg@w-ux{r¶nxuzoq§%uoq§zxg@nnodw{Sqw¨©*Kgw{rq§w¨¦g-=K{rzouxg@{Sz(p?(°r=Suog8zo¨¦g@pA¥?g83³
4`q(znofqw¨©p}ux{r§n¼ndw{¢ uod§p}uq(now «{rq§z~=¢7pAvh©ruog8zo¨¦g@pA¥?g@nxuzoq(-uoq(zog8n7©(nouxg8pr.{? 3 Ìqw¨¨¦v.w{Sq(w¨g%
K{rzouxg@­nxuzoq(-uoq(zog8n©fj(p}©zn§g@z~ «{Szofjpr(%gSv*ÀrÁ,p}ufh{Snxuwg@§g@(w©w.{r¶udwg-prdwgnx:9-gpr(¶uodwg
Kg8§d(fjp?z°K³
Ó?F¢pAvjSuxg@zx¨g8pA¥rg8*nxuzoq(-uoq(zog8nprzxg`uod(g8zog% «{rzogq(nog8¶uod(zo{rq(rdw{Sqwu¼udwg(pr§g@z-³
¾ªSq(¦uog %{S(nxg@zx¥p?ux¥?gK{?¨-v*uo{fjp?(p??g%{S2§©%un©n%{S(nowg@zxg@ ¼prSv¶-{r2§©%ug-uodwg@z©uodwg
¸c¸Ò{rz©uod(g§nxuzoq(-ux{r8p?dwgzog8nqw¨uon©­uodwghp?8%g8nn{} Ip.no©w?¨gw¨{t°[³cdwg{Sw¨vg%s(-g8wuo¦{S
©n¢dwg@*udwgnp?fhgw¨¦{w°©n7 «g-udwg8¶u®¢©%g©­phzo{¢³
cdwg; «{r¨¦¨{¢©wh§p?zp?fhg-uog8zn¼¢7g8zog%{S(nx©wg@zxg@ 
 cdwg¶¢wudº{} ]uodwg*(nouozq(-ux{rt®-prdwg.¨wg*n1-}Ó£SvSuog8n8³C]npCzxg@noqw¨u-ÃIpCfjpswfq(f#{} S
§nxuzoq(-ux{r(nfjpAvKg; «g-udwg8¶©­phno©w?¨g%vw%¨gj¹Ìu®¢7{jpr--g8nnxg@n¼{? 7i.-h(nouozq(-ux{r(ng@p?dK»³
 cdwglg8uoq(z­((zog8nnSup?°.pr(udwgSg@%{r§*]((zog8nnSuopr°.d(pA¥?gSg@ruzxg8n8³
 Cg8(d§p?(-g83}Æ?É 5ÉÊj(zp?(d½§zxg@w-ux{Sz1 /"5q(no©wCiriwuon;{? ¼dw©nxuo{rzovn;q(nog8Cux{­(zog8w©%u
%{S(wux{r(p?¨[(zp?§dwg8n8³/cd(n7dw©nxuo{rzovh¨g8(?uod.nw{ru5uoq§wg8. «{rz7p}¨¨[d(przo(¢7przxg§q(w?g8uon8ÃS§qwu7p
zxg@p?no{r(prw¨g]{Swg` «{rzp¶i@ ;Fg@ruzxv(zog8(-ux{rz  /"=³
 ß (w©zxg@%u§|xq(fj(n
p?zog5(zog8w©%uog8ud(zx{Sqwrdu®¢¼{?F¨g-¥rg-¨?(zp?§d(zxg@w©%ux{r q(nx©wiAwuon{} (r¨¦{S(p}¨
(zp?(d¶dw©nxuo{rzov?³
 cdwg¶(nouozq(-ux{r¯8p?dwgrÃ
uodwg­¸c¸;Ãudwg*©(w©zog8%uj(zp?(d¯(zxg@w©%ux{Szup?w¨g¶przxg*Ó}=¢7pAv£nxg8u~
p?nnx{w-p?ux¥?g?³
 cdwgnx:9-g@n{? 5uod(gh©(nouozq(%uo¦{Sµ8p?dwgrÃ[udwgjg8(d§p?(-g83}Æ?É 5ÉÊh(zopr(dµ§zxg@w-ux{Sz-ÃÛuod(g¸c¸
p?(¬udwg§wzog8-u(zopr(d¬(zxg@w©%ux{Szjuoprw¨¦gn-p?¨¦g­ux{r?g8uodwg@zj¬g%s(Kg8zofhg@run-³ cdwg@nxg½no:9-g8n
p?zog]zog8n§g@%uo¦¥rg-¨v; wi&-F¸¬©(nouozq(%uo¦{S8p?dwgrÃ ti ;=g8Suzxv¸c¸;Ã ÀwiAA=g8Suozov ©(w©zog8%u
(zp?(d¶(zog8w©%uo{rz7uoprw¨¦grÃ§p?§ti@ ;Fg@Suozovhg@(d(pr(%g@ }Æ?É 5ÉÊ;(zog8w©%uo{rz  /"F³
<=< û(>>?@
iA  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
8   
¿£g¼zog8K{rzou2©uodwg7wg%swu/nxg@%ux{r;ud(p}u/wg8Kg8§w({r;udwg¼cCno 98g?Ãw¦Ô[g@zxg@Sufjpsw©f q(fÒuozp?-gI¢(uod(n
ndw{Sqw¨­Kg %{S(nowg@zxg@uo{.(zo{¥S©wgdwrdwg@zKg8zx «{rzfhpr(%gr³5cdwgfjpsw©f q(f tq(f Kg8z{? I%{r§w¦uo¦{S(p}¨
§zopr(dwg8nuod§p}ufjpAv¤§g­g8f§{wwg8±©±p£nx©wr¨¦g¶uozp?-g¶fjpAv¤p}¨©no{£Kg­¥Aprzxg83³ ß ¯udw©nnxuq(wv?Ã¼¢¼g
-{r(no©wg8z7u®¢7{h{Swux{r§n 
 uozp?-g8n{} 
q(¶ux{i.- ©(nouozq(%uo¦{S(n¢¦ud­pfhp}swfq(f {} 
%{S(wux{r(p?¨Û§zopr(dwg8n8Ã
 uozp?-g8n{} 
q(¶ux{.S©(nouozq(%uo¦{S(n¢¦ud­pfhp}swfq(f {}  -%{S(wux{r(p?¨Û§zopr(dwg8n8³
¸zp?(d­(zog8w©%uo¦{S¶cÖn]§g@z~ «{Szofhg@¶Sv*uodwgyp?uod­y5zog8w©%uo{rz. "F³ ß uon]nx:9-gn-p?¨¦g@n¢¦uduodwg
no:9-g{} 2udwg-prdwg8n8³
cdSq§n-Ãr¢d(p}uI©nI¨©p}uog8zI8p}¨¨¦g@p wi&- ¸±(q(wrg-u5c±%{Szozog8nK{r((n
uo{ p } ¸
c]ÃSp } ¸±(nouozq(-ux{r-prdwg?ÃSp }r w¦unI(q((?g-u5y
p?uody¼zxg@w-ux{SzIq(nowp?­i?i-=(¦u5§zopr(d
d(noux{Szxv@Ã?p ?Àwi@Fg@Suozov]u®¢7{}=¨¦g8¥?g8¨r©(w©zxg@%u
(zp?(d§zxg@w-ux{Sz-Ã}pr( p }À(i@Fg@ruzxv`¸c¸º {rzwg8z
uo{§g@z~ «{Szof {Swg%®w¨{w°p?dwg@p?¶(zxg@w©%ux{r*{r­cÖf©nnxg@n-³
]n(zog-¥t{rq(no¨v§{rSuog8{Sqwu-ÃcCf q(nouVnq((K{rzouVpzog8p?pr(p¢zo¦uogI pnx©w?¨g5-vt-¨¦gr³
S©(-g5c
q§K(p?uxg@n5-pr§g](qtÔÛg8zog8j¢uodw{Sqwu¼wg8¨pAvt©w©(nxuzoq§%ux{rh «g8uodw©wKÃrudwgg%ÔÛg8-ux¥?g «g8uod.§p?(w¢©wud
{Sºp(p?§°?=©ruog8zo¨¦g@pA¥?g@Cc¾ndw{rqw¨©²§g*¥?g@zxv£%¨{rnogux{½udwgKg8zx «{rzfhpr(%g{?  Ìqw¨¦¨vºw{rq§w¨¦g-=K{rzouxg@
c]³3]np­zxg@noq(¨¦u8Ã3¢¼gdw{Snxgjuo{­no©f qw¨©p}uogjp* Ìqw¨¨vC(q(p?¨Ð®K{rzouxg8Cc]³{ruxgjuod§p}up}¨¨Iq([(p}uog8n¹Fc
pr(*y
p?uod¶y5zog8w©%uo{rz»¼p?zog;Kg8zx «{rzfhg8¶p}uzog-ux©zog8fhg8Su-³
  
(} Ý;>&  @CB 8 @CB@CBD     B Þ &·Ø  Ý  Ù Ý  Ø  Ø<B  Ù cdwgd§p?zw¢7przxg7fhg8d(prwnf(zo{}
K{rnog8½²Sg8-ux{rµ*zxg@ªtqwzog8nuod(p?u]{Sw¨v¶©(nouozq(%uo¦{S(n Ìzx{Sfuodwgjnoprfhg(p??gprzxgzxg@%{rzwg@­¢¦udw
p¶nowr¨¦guozp?-g?³ cdwgjnofqw¨p?ux{r(n`(zog8nog8Suxg@½©µudwgjzxg@fhp?§wg8z]{} 7uodwgj(p?Kg8z`¢7g8zogzq(C¢¦udw{rqwu
prnonq(fh©wudw©n%{S(nxuzop?Su8³
*]{¢¼g8¥?g8z8Ãprn*fh{rnou¶{}  udwgº(zopr(dwg@ng@f Kg8(wg@Ö¢uodw©Òuodwgºnp?fhgµuzopr%gCprzxg²%{S(wux{r(p?¨aÃ
udwgj(p}rg%{S(nouozp}©ru`nod({rqw¨©½w{ru]©fj(p}©z;§g@z~ «{Szofjp?§%gud(p}u;f q(d3³Sfqw¨©p}ux{r§n]ndw{¢·uod§p}u;uodwg
Kg8zx «{rzfjp?(-g¨¦{Snon5n¼§g8u®¢¼g8g8i]p?(.ÀSÁ (g8Kg8(w©w{Suod(g]Kg8(d(fjprzo°p?(udwguzopr%g¢©wuodµ¹xi.-
{Szr§nxuzoq(-ux{r(n»³
8    : 5 8*;:7 $8 :*- 3I7  6( 7   
cd(gcÒ «g8uodµ(Kg-¨(gh-{r(nonouonµuod(zog-ghnxup}rg8n¹Ìlg@p?½c]Ã2zog8(prfgrÃ[(n(p}udK»³cdwghtq(f Kg8z
{? 3g%swuozpnouop??g8n5.uodwg;c¸  «g-ud.w©§g8¨¦©wgh¹apr(j Ìzo{rfuodwg`(p?°S©w©(nouozq(%uo¦{S.-prdwgA»¢¦¨¨K¥przxv
©*{rq(znofqw¨©p}ux{r§n7Kg-u®¢7g-g@u®¢7{jp?(¶nx¦s*-vt-¨¦g@n-³cdwg@nxg;g-stuzopj-vt-¨¦g@np?zog`zog8ªtqw©zxg@uo{p}¨¦Sp?§
(g8%{wwg;©(nouozq(%uo¦{S(n-Ã(pr(¶ux{(zo{w%g8nn7Suzop}=w¨{w°wg8Kg8§wg8(-v*dwg@°SwK³
¿£g*prnonq(fhguod(p?u p?²©(nouozq(%uo¦{St®-p?d(g.f©nnzxg@noq(¨¦un©ºp½®%vw%¨g.Kg8(p?¨¦u®vr³¶¿Öd(g8ºfhnnow
K{?ud££cpr(C£uod(g(nouozq(-ux{r£-p?d(g?Ã3udwg.§g@(p}¨u®v½©nji8Ñ¶ux{²i8Ó­-vw%¨g8nwg@§g@(w©w­{r£uodwg
(g8wud*{? udwg; Ìzx{SSu~=g8(¶w©§g8¨¦©wg?³
	 îAþÌù~ñ~ðòøFù
 
 M T ð §ù~û FþÌðòù~ø©þaù~øFîrÿ M T ð Kù~û FþÌðòù~ø(ð  ?ô/ïô@ðòï¼õAï    >¡þÌù~øFîSÿ wñ
ûAöAð aðûô   þaôûAñ=óAù~øðòøVñ
ûAøaðòöAù~þaù~ö
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï i@
    µ/- 	 
ß ¯uodw©njnxg@%uo¦{S2ÃI¢7g.ÂKznxuh©r¥rg8nouxrp?uxg*(ÐÔÛg8zog8Suhnnoq(g8n±c p?8%{rzw©w½uo{£d(przo(¢7przxg§q(w?g8uon
Kg% «{Szxg¶%{Sfh§p?zowCc p?(¯c¸ ³
¿Cg­p}¨©nx{£(zo{¥S©wgpr¤p?§p}¨vtno©n {? uodwg­-q(zzog8SuKg8zx «{rzfjp?(-g
K{?uoux¨g8wg@°tn7 «{rzK{?uod­cDp?(¶c¸³
    3 0 50  1:<65 
ß  {rq(zVÂKznxu/nx©f q(¨p?ux{r(n8Ã¢¼g¼{r(nog8zo¥?g@p¥rg8zov`d(¦Sd fhnn
zop?uxg¼{rc]³A¸¨¦©((p?zouxux{rw©w]{} §uzopr%g8n
pr(Kg8p?znux{*§gwg %.%g8Su-³¿£g %{S(nx©wg@zxg@¶q§nx©wj «g-g@((pr°©t «{rzfjp}uo¦{S Ìzo{rf"uodwgg%swg88qwux{r3Ã§©
udwg; «{rzf {? /pwg8¢Duozp?-g`ÂK(p}¨:98p}uo¦{S*-{r((¦uo¦{S 
 &!@ / Ø Þ @ ? @ B ?  fh©no(zog8(-udw©ru]n`nog-up?¨¦{Sw¢¦uduod(gÂKznxu(nouozq(-ux{r¶ Ìzo{rf uodwg
%{Szozog8-u (p}ud² «{?¨¨{¢wµuodwg¶f©n(zxg@w©%uxg@¤(zp?(d3³½uhzog-uozog8fhg8Su8Ã/udwg*8q(zzxg@ru uozp?%gn
ÂK(p?¨¦:9-g@¶pr(¶ph(g-¢Õuozp?%gnouoprzxun-³  p}¨¢7pAvwn7nxup?zouonpjwg8¢Òuzopr%g;{r¶noq§d*pjdw©Su-³
 rq(zogÓ -{rfj(p?zog8n½Å©Æ=Ç[ÈoÉÊÅÌË-Í= Å¡ÏKÍ(¢¦ud.p Å¡Ï§ÍKK{?¨©%vh{r­ÈoÉ    SËËIpr(­Ï§È)³
lg8nqw¨uon¼p?zog
zog8K{rzouxg@j¢dwg8*q(nowi&-=©(nxuzoq§%ux{rjuzopr%g@n¹aq§.ux{h -{r(wux{r§p}¨K§zopr(dwg8n»pr(.SA=(nouozq(-ux{r
uzopr%g@n]¹Fq(¶ux{ -j%{S(wux{r(p?¨3(zp?(dwg@n»³
 {rz.i.- ¸ p?(8-?Ó ¸§q(w?g8uon8Ãq(nx©wµSA=§nxuzoq(-ux{r£uozp?-g8n ¨¦g@p?(n ux{µp¥rg8zov£norw¦ÂK-prSu
©(8zxg@p?nog¶{? `udwgµtq(f§g@z{} ;§nxuzoq(-ux{r(nf©nnx©wº©¬c]³ !]g@nowuxgCpºdw¦Sdwg8zSq§f Kg8z{? `¥p}¨©
©(nouozq(%uo¦{S(n «g8uodwg@­{rp.dwu¢uod½SA=§nxuzoq(-ux{r*uozp?-g8n¹Fp?pA¥?g@zop??g`{} i/$h¥p?¨¦©¶(nouozq(-ux{r(n
©(nouxg@p?¤{?  i8Ñ§³ ÀS»Ãi.-=§nxuzoq(-ux{r²uzopr%g8nhr¦¥rg8nh§g8uxuxg@zj§g@z~ «{Szofjp?§%g?³ 4`¯uodwg­{ruodwg@zhd§p?(2Ã¼rA
©(nouozq(%uo¦{S¤uzopr%g8n?¥?g@nh?{t{w¯zog8nqw¨¦un ¢d(g8¬q(nx©w µÅ©ÆFÇ[ÈoÉÊÅÌË-ÍÅ¡Ï§Í¢uod¬p£rÀ - ¸,§q(w?g8u-³
cd(g½g%ÔÛg8-ux¥?g8(g8nn{} ?µÅ©Æ=ÇKÈoÉÊÅÌË-ÍÎtÅ¡ÏKÍ©(-zog8prnxg@n¢uod´uod(gCno 98g½{} c p?(¬udwgµ¢©wuodÖ{} uodwg
uzopr%g@n-³cdwg£pA¥?g@zop??g­§g@z~ «{Szofjp?§%g½Sp}©¬ «{rz*rÀ - ¸(q(wrg-u*nCi-Ó¬ÁÃ§qwu¶(i£Á {rYÏ§È ³
µÅ©Æ=ÇKÈÉÊ}ÅÌË%ÍÎtÅ¡ÏKÍuopr°}g8n;prw¥p?Suop??g {? 7K{?udCp¶¨{¢¼g@z]fh©nonzp}uo¦{­p?(Cp¶¨¦{¢7g8z`fhn(zog8w©%uo¦{SCzp}uog
¢d§p}uxg8¥?g@zudwgd(przo(¢7przxg7(q(wrg-uIfjpAv Kg?³ ß (wg8g82ÃKÄÅ©Æ=ÇKÈÉÊ}ÅÌË%ÍVÎwÅ¡Ï§Í§8zxg@p}uxg@n(zog8p?°tK{?©Suon/{rjd(przot
uo{}®(zog8w©%u7(zopr(dwg@n-³/cdwn7©n¼d(¦Sdw¨¦vKg8wg-ÂK%©p}¨Û¢dwg@q(no©w ¨{rw uozp?%g@n5¢uod*p¨©p?zo?gtq(f§g@z5{? 
-{r((¦uo¦{S(p}¨3(zp?§dwg8n8³
 zx{Sf w{¢±{r2Ãr¢¼gq(nog µÅ©ÆFÇ[ÈoÉÊÅÌË-ÍÎtÅ¡ÏKÍ(p?¨¦¨wudwgzog8K{rzouxg@nofqw¨©p}ux{rhzog8nqw¨¦un-³  {Szd(p?zw¢p?zog
§q(w?g8uondw¦Sdwg8z{rzg@ªSq§p}¨5uo{C?À - ¸;ÃVrF©(nouozq(%uo¦{SCuzopr%g@np?zog.q(nog8²¢dwg@zxg@p?ni.-=(nouozq(-ux{r
uzopr%g@n7przxgq(nog8*¢dwg@¶-{r(no©wg8zo(¨{¢¼g@z(q(wrg-uon8³
    
	=15    I'). 0   5-$ 0&*-
 Ø  ' ' Ø  >FÝ  ± B  Ø  !;qwg uo{uod(g ¨©p?°*{} 5n(p?-g?Ã§¢7g({w{?u`zxg@§{Szxu{r©(w¥t(q§p}¨
zxg@noqw¨uon
Kg8z;Kg8(d§fhprzo°§qwu;{rw¨v{r£pA¥?g@zop??gKg8zx «{rzfhpr(%gr³  ¦Sq(zogjÀ*zxg@§{Szxun]Kg8zx «{rzfjp?(-ghzog8nqw¨uon`©
ß y· Ìzo{rf uodwg¢dw{?¨g.nxg8u{}  ß ¸ ¨uozoÐs²§g@(d(fjp?z°tn¢dwg@²¥Aprzxvt©w­uodwg*Sq§f Kg8z{? 7 Ìzo{rSuxFg@(
nouop??g@n5 Ìzo{rf,uodwg-{rS¥?g@ruo¦{S(p}¨28p?dwg`,4`wg-F¸¨{w°dwg@p?£¹ 4]¸`»Ã§c¸Ã(pr(­c ndwg8fhg8n8³
c¸ {SqwuoKg8zx «{rzfjn
4]¸ pr(jc¤ «{rzId(przo(¢7przxg(q(wrg-un¨¦{¢7g8z
{Sz
g8ªtq(p?¨(ux{ -?Ó ¸`³ ß uInodw{Sqw¨©
Kg w{ruxg@*ud(p}u «{rzp.nfjp}¨¨Vd(przow¢p?zog;(q(wrg-u-Ã[F³ gr³]i.-?¸;Ã[c ©ng8¥?g8¶{SqwuoKg8zx «{rzfhg8­Sv 4]¸³
cd(gi@?+¸²(q(wrg-unog-g@fjnVuo{]Kg5uod(g¼ud(zxg@nod({?¨©;¢dwg8zog¼Kg8zx «{rzfjp?(-gI{} §cCg-sw-g-g@(nVKg8zx «{rzfjp?(-g
<=< û(>>?@
i8Ó  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
NROFF
0
1
2
3
4
5
6
7
8
16 KB 64 KB 256 KB
  
	  


16/no hint
16/hint
32/no hint
32/hint
REAL?GCC
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
16 KB 64 KB 256 KB


   


16/no hint
16/hint
32/no hint
32/hint
NROFF
0
2
4
6
8
10
12
14
16
18
20
16 KB 64 KB 256 KB

  
! " #
$
%& '
'& (
)& (
'
* + ,
-*& .
('
16/no hint
16/hint
32/no hint
32/hint
REAL?GCC
0
5
10
15
20
25
30
35
40
16 KB 64 KB 256 KB
/
012 03
4 5 6
7
89 :
:9 ;
<9 ;
:
= > ?
@=9 A
;:
16/no hint
16/hint
32/no hint
32/hint
NROFF
0
1
2
3
4
5
6
7
8
9
10
16 KB 64 KB 256 KB
B
CD
E CF
G H I
J
KL M
NOP
QL R
S
16/no hint
16/hint
32/no hint
32/hint
REAL?GCC
0
5
10
15
20
25
16 KB 64 KB 256 KB
TUVW UX
Y Z [
\
]^ _
`ab
c^ d
e
16/no hint
16/hint
32/no hint
32/hint
 ¦Sq(zxg;Ó 	Iprzxvt©wjuodwgc/zp?%g Vg@w?ud*pr(¶uodwgc/zp?%g  §p}¨ 9@p}ux{r*g@q(zonoux©-n8³
{? c¸Õ{r -{} {rq(zh§g@(d(fjp?z°tn-³ ß unodw{Sqw¨©*Kg`p?¨no{jw{?uog8.ud(p}uc¸Y§g@z~ «{Szofjpr(%g`w{tg8nw{?u
©(8zxg@p?nogp?SvC Ìq(zxudwg8zh¢uod¯¨przxrg8z8p?dwg@n¢dw¨¦g­cKg8zx «{rzfhpr(%g¶nxuo¦¨¨7fj(zo{¥?g@n-³£cnodw{Sqw¨©
Kg8(g%Â§u Ìzo{rf g8¥?g@¨©p?zo?g@z7d§p?zw¢7przxg`(q(wrg-un-³
cdwgKg8zx «{rzfjp?(-grpr.Kg-u®¢7g-g8*c´p?§c¸Ydw¦Sdw¨v.wg8Kg8(§n¼{S.udwgSq§f Kg8z¼{} V Ìzo{rSuxFg@(
nouop??g@nI Ìzo{rf udwg%{rS¥rg8Sux{r(p?¨K8p?dwgr³  {rz7§nxup?(-g?Ãw©(-zog8prnx©wudwgSq§f Kg8z7{}  Ìzx{SruxFg@(.nouop??g8n
 Ìzo{rf  uo{ -jwg88zxg@p?nog8n7uodwgKg8zx «{rzfjp?(-g «{SzcÖSv.{Sw¨v.Á ¢dwg@¶-{r(no©wg8zo(hpÀwiA ;®Svtuxg8n
§q(w?g8u-Ã[(qwuq(­uo{½i@Á  «{rzc¸ ³Kcdw©n©n%¨g8przx¨v*zog-¨©p}uog8¶ux{udwg fh©no(zog8(-ux{rKg8(p?¨¦u®v¶nx©(%g
g-swg8-q(ux{r¶zxg@noq(fhg@n -h-vw%¨g8nno{S{Swg8z7©­c´uod§p?¶­c¸Õ «{?¨¨{¢wjpj(zp?(d¶fhn(zog8w©%uo¦{S2³
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï iAÀ
 ALIGNDECOD STAGES
0
1
2
3
4
5
6
7
16 KB 32 KB 64 KB 128 KB 256 KB 512 KB
   	
   


OBA
TBA
TC
 ALIGNDECOD STAGES
0
1
2
3
4
5
6
7
16 KB 32 KB 64 KB 128 KB 256 KB 512 KB
     


OBA
TBA
TC
 ALIGNDECOD STAGES
0
1
2
3
4
5
6
7
16 KB 32 KB 64 KB 128 KB 256 KB 512 KB
 !"# $ %&' () $ !"
*+
,
OBA
TBA
TC
 rq(zogÀ  4]¥rg8zp}¨¨[y
g@z~ «{Szofjp?§%g`¢dwg8 Ip?zovtwjudwg  zo{rSu~  5( !`g8wud2³
*]{¢¼g8¥?g8z8Ã}udwgtq(f Kg8z{? 2g%swuozp] Ìzx{SruxFg@(jnxup}rg8n
©hc¸ ©n¨°?g-¨v uo{§gnfjp}¨¨(©l ß ( ß tn
¢d(g8¶p?nnx{w%©p}uo(h(zog8(g8%{ww©wj©t «{rzfjp}ux{r*ux{judwg§nxuzoq(-ux{r­-prdwg?³
<=< û(>>?@
i.-  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
REAL?GCC
60%
65%
70%
75%
80%
85%
90%
95%
100%
16 KB 32 KB 64 KB 128 KB 256 KB 512 KB   	
   
 
  
 


L2
IC
TC
GROFF
60%
65%
70%
75%
80%
85%
90%
95%
100%
16 KB 32 KB 64 KB 128 KB 256 KB 512 KB
    !  "
# $
%& ' (
)&# *
$
%
L2
IC
TC
 rq(zog - ß (nouozq(%uo¦{S­wq((w¨v?³
 B 8- /} @aÝ B   ' Ù  cdwg¼w©np?(K{?©Sux©w]Kg8zx «{rzfjp?(-gg%s(dw©w¦uog8rv;cC¢uod8p?dwg@nVnfhp?¨¦¨g8z
ud(p?­iA}¸¬n¼nxuzx{Sw?¨v %{Szozog-¨©p}uog8hux{ uodwgtq(f§g@zI{? Û©(nouozq(%uo¦{S(ng-Ô[g@%ux¥?g8¨¦vjnq((w¨¦g@Svhc]³
 rq(zog -zog8K{rzouonudwg]zp}uo¦{{? 2(nouozq(-ux{r(n¼zxg@noKg8-ux¥?g-¨vnq(((¨¦g8©juod(g]c±nod(g8fhgSvhc]ÃSuodwg
©(nouozq(%uo¦{S*8p?dwgpr(udwg /h8p?dwgr³
ß ¯¨¦{¢"d§p?zw¢7przxg*(q(wrg-uon8Ã5fjp?Sv²©(nxuzoq§%ux{r§nprzxg «g-uod(g8¯ Ìzx{Sf udwg­(p?°S©wµ©(nouozq(%uo¦{S
8p?dwg`{rzudwg /h8p?dwgrÃ(zxg@noqw¨ux©wj©¶fjprrv©(nouozq(%uo¦{S* «g-uod­nouop?¨¦¨©n-³
ß ºc¸Ã§nxuzoq(-ux{rt®-prdwgjf©nnxg@nwg8przx¨vµ¥prwnd£¢¦udºp -}Ó ¸ ©(nouozq(%uo¦{S²-p?d(g?³*cd(n
8p?­Kgw{?uo-g8¶¶ÂKrq(zog -j¢dwg8zogp¶i@} ¸ÕcÖndwg8fhg; «g@p}uoq§zx©wp;-}ÓA¸D©(nouozq(%uo¦{S­-p?d(g
zog8nqw¨uon;©Cp­¨{¢ tq(f§g@z{}  /¶p?8%g8nnog8n8³ *]{¢¼g8¥?g8z8Ã2uod(gfj(pr%u;{} uodwg.zog8fjp?w©w­cfh©nonog8n
©njnxuo¦¨¨ªtqw¦uognxrw¦ÂK8p?Su-Ã5pr(¯pC¥?g@zxv²¨©p?zo?g¶d(p?zw¢p?zog(q(wrg-uhnjzog8ªtqw©zxg@ºux{²g8¨¦©fh(p?uxg¶uodwg@nxg
fh©nonog8n8³  §p}¨¨¦vrÃ
(¦¥t©w(½uodwg¶d(p?zw¢p?zog.(q(wrg-ug@ªtq(p}¨¨¦v²Kg-u®¢7g-g8²udwg©(nouozq(%uo¦{S¤-prdwg.p?§
c n%g8zouop?(¨¦v({?uuodwgKg8nouuozp?(g%={}Ô½©¥rg8zov.¨przxrg`§q(w?g8u-³
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï i$
GS
0
2
4
6
8
10
12
16
KB
32
KB
64
KB
128
KB
256
KB
512
KB
   
	   


 

 

OBA
TBA
TC
VERILOG
0
2
4
6
8
10
12
16
KB
32
KB
64
KB
128
KB
256
KB
512
KB
  
 !"  
#
$% &
'()
*% +
,
OBA
TBA
TC
 ¦Sq(zxg $ ¸zp?§d.½©no§zxg@w-ux{r*lp}uog8n8³
   B   ` Ø Þ @ } @aÝ B 	 w Ø  !`g8nwuxg.udwg½ÄhÅ©ÆFÇ[ÈoÉÊÅÌË-ÍÎtÅ¡Ï§Í7§{r¨¦©%vrÃVudwg.yp}ud²y5zxg@w©%ux{Szw{tg8n
({?uKg8zx «{rzf p?n¢7g-¨¨Ip?nuodwgg@(d(p?§%g88}Æ?É 5ÉÊ(zp?(d£(zog8w©%uo{rzq(nog8£©ºc¸ ³  ¦Sq(zog $¶zog%
K{rzouon.{r´noq§d¬zog8nqw¨uon8³ 4`(¨¦v¬zxg@noqw¨uon Ìzx{Sf u®¢7{¤§g@(d(fjp?z°tn.p?zog(zxg@nxg@Suxg8´no§%g½udwg½{?udwg8z
Kg8§d(fjp?z°Sn5g%s(dw©wu7nofh¨prz¼Kg8d§pA¥S{rz8³Itq(dp ¨¦{¢7g8z¼(zog8w©%uo¦{S.p?8-q(zp?-vh8p?.Kg]g-s(w¨p?(g8.Sv
udwg%{SA|xq((-ux{r*{} nxg8¥?g@zop?¨K Ìpr%uo{rzn-³
 ©zonou-ÃÛuod(gh(zp?§d(zxg@w©%ux{rµp?-8q(zp?%v*{} 5udwg yp?uod½y¼zxg@w-ux{Sz©n`-{rzzxg8¨p?uxg@*uo{udwgh§zopr(d
K{rnoux{r­©­uodwguzopr%gr³tg8%{S(2Ã[p.(zp?(d­fjpAv*Kg g@f Kg8(wg@­Suo{fjp?Sv*uzopr%g@n-³7¸zopr(d¶t «{Sz~
fjp?ux{r­©n]w©n§g@zonog8­{¥rg8znog-¥rg8zp}¨3y *`c·g8Suzxg8n8³  (p?¨¦¨v?ÃÛudwg yp}udy5zog8w©%uo{rz]w{tg8n({?u]Kg8(g%Â§u
 Ìzo{rf p¶(g%®p}¨prnx©w¶uxg8d§wªtqwg¨©°}gc¸ 3¢dw¨gj({½nxrw¦ÂK8p?Su]g@(d(pr(%g@fg@Sun;{Swuop?wg@µ¢uod
§zxg@w-ux{Szonw?rg8zuod§p?­ } g@ruzxg8n­c¸ ¹Ìudwg r?¸D-{?¨©q(fjK»ÃKuodwgpr-8q(zopr%v{? /udwgyp}ud
y¼zxg@w-ux{Sznxuo¦¨¨3©fh§zx{¥rg8n7nxrw¦ÂK8p?Sux¨v «{rz¨©p?zo?g;cD(q(wrg-u-³
<=< û(>>?@
i@  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
   3 15 $=5  0 8* J' 5-10 , 28$6" 
ß £udwnnxg@%uo¦{S2ÃV¢7guozov½ux{©wg@ruoÐ «v£uod(g§g@z~ «{Szofjpr(%gK{?uxuo¨¦g@wg8°tn;{? c¸ pr(²c]³/S©(%g.p?¨¦¨
©(nouozq(%uo¦{S(np?zog;wn(p?uodwg@2Ã(¢7g] «{w8q(n{r¶uod(g§g@d(pA¥t¦{Sz¼{? udwnwn(p?uod¶nxup}?gr³
ß {Szo(g8z2uo{?g8uzo;{? wK{?uoux¨g8wg@°tnVq((zog-¨©p}uog8;uo{©(nxuzoq§%ux{r` «g8uodw©wKÃAno{rfhgI©wg@p}¨rfhg@d(p?w©nfhn
przxg;p?nnq(fhg82³  znou7udwg;§nxuzoq(-ux{r*¢§w{¢Ö©nq(t§{Sq((wg@2Ã(F³ gr³
(n(p}ud*(g-¥?g@znxup}¨¨n(qwg;uo{jp
 Ìq(¨¦¨K(nouozq(-ux{rj¢©(w{¢³{?uoguod§p}u5pÀ(i@A=g8Suzxv©(nouozq(%uo¦{Sj¢(({¢¬ndw{rq(¨d(pA¥rg§g8g8g@w{rqwSd
no©(%g.(zp?§dCfh©no(zog8(-ux{r(nprzxgjuopr°}g@µ©Sux{½p?8%{Sq(Su-³prnxu¢7gp?nnoq§fgud(p}uudwg.wg@%{wwg.p?§
(n(p}ud¬¢wud(n¶fhp?uod¬uod(gCfjpsw©f q(f  «g-uodÖ¢wudY¹  »³cdw©n.g8¨¦©fh(p?uxg@n.uod(g½fj(pr%u.{? 
©(nouozq(%uo¦{S*§qtÔ[g@zx©wj©*udwg; Ìzo{rSu~=g8(¶w©§g8¨¦©wgr³
¿ uod¶uod(g8nogp?nnoq(fjwuo¦{S(n8ÃS¢7g%¨©p?nnx¦ «vg8prdg@fjwu®vw©no§p}uod¶no¨¦{ru7©Â§¥?gw©nxuo§%u-p?uxg8?{rzog8n 
 #¹Ìudwg§nxuzoq(-ux{r£-prdwgwg-¨¦¥rg8zn`¨¦g@non;ud(p? !¿ (nouozq(-ux{r(n»Ã    ¹ac wg8¨¦¥?g@zon`¨g8nn;uod(pr
!¿©(nouozq(%uo¦{S(n»Ã	 Ú  @ 8 ¹ !¿ g8fjwu®v­nx¨{?u(q(g ux{.pr­§nxuzoq(-ux{r8p?dwgfh©non»Ã >  Ý;B  ÚØ<B Þ
¹ !¿ g8fjwu®v¶nx¨{?u(q(gux{.(q(§w¨¦g@n©¶uodwg Ìzo{rSuxFg@(*nouop??g@n»Ã§p?(  @  Ø Þ @ } ¹ !¿ g8fjwu®v¶nx¨{?u
Kg88p?q(nogpjf©n(zxg@w©%uxg@­(zopr(d.¢p?n(n(p}udwg8¶p?§*d(pr­w{?uKg-g8­zog8no{?¨¥?g@.v?g8u»³
cdwgºzog8n§g@%uo¦¥rgC%{SSuozo(q(ux{r(n*{}  udwg8nog£Â§¥?g²-p?uxg8?{rzog8n.uo{±udwg£ux{?up}¨;g%swg@-qwuo¦{SÖux©fhgºp?zog
zog8K{rzouxg@¶ «{rz}È Öpr(ºÈoÉ    SËË]  rq(zog§³ i.-K¸;Ã-?Ó ¸Õpr(µÀ(i@A¸·%{StÂ§Sq(zop?ux{r(np?zog
q§nxg@  «{SzIK{?uodjc¯p?(jc¸³S´Ó}®nxup}rg¼ Ìzo{rSuxFg@((Kg-¨(gn5%{r§nx©wg8zog83³	
jzog8(zog8nog8Suon
dwg@zxg
udwgfh(fq(f,uofhgwg8g8wg@*uo{wn(p?uod¶p}¨¨3§nxuzoq(-ux{r(np?u !¿ ©(nouozq(%uo¦{S(nKg8z-vt-¨¦gr³
ß ºc]Ã2 «{Sznofjp?¨¦¨5pr(²fhg8w©q(f#d(p?zw¢p?zogh(q§w?g8uon8ÃVuod(g%{Sruzx©(qwuo¦{Sµ{? (nouozq(-ux{rt®-prdwg
fh©nonog8n7©n¥?g@zxv©fj§{Szxup?Su]¹aa³ g?Ã  	 »³½{Szxg8{¥?g8z8Ãrnq((nouoprSux©p}¨3(pr(w¢©wuodC¹ÌF³ grÃ 
   
 »
©n p?¨no{¨{rnou(qwguo{µc¾fhnnxg@ndwuxuowC{r²udwg.©(nxuzoq§%ux{rº8p?dwgr³ 4`²udwg{ruodwg@zd(pr(2Ã
uodwg@nxg
u®¢7{*-{rfjK{rwg@run;w{*¨{r(?g8z]©fh§p?%u;udwgg-swg8-q(ux{r½uofhgj¢uod²Àwi@ ¸(q(wrg-un-³ ß µuod(p?u-p?nog?Ã
 	 "!   # §g@%{Sfg@nuod(g*fh{rnou no¦SwÐÂ[-p?Su §p?zou{} uodwg¶§g@z~ «{Szofjpr(%g.wg8rzp?(p?ux{r2³¶¿Ödwg@¤c
Kg8-{rfhg8nzog8p?¨¦¨vµg %.%g8Su-Ãuodwg.g-Ô[g@%uo¦¥rg(nouozq(-ux{rC «g-udC¢©wud²nfq(d²dwrdwg@z-³ ß §nxuzoq(-ux{r(n
g@Suxg8zIuodwg](nouozq(-ux{rj¢©(w{¢¬g8p?zo¨v?Ãrpr(fjp?Svh{} 2uodwg@f¾przxgnouop?¨¦¨g8Kg88p?q(nog{? 2§p}uop wg8Kg8((g8t
-¦g@n-³cdw©n©(%¨©q(wg@n(zp?§dwg8n8³5yp?zou{? 
udwg Kg8wg-Â§uon{} Ip¢©wg8zg%ÔÛg8%uo¦¥rg©(nxuzoq§%ux{r* «g8uod½zp}uog
©nuod(g8zog% «{rzog;¨¦{Snxu(q(gux{pjdw¦Sdwg8zfh©no§zxg@w-ux{r¶§g@(p}¨u®v?³
]npCzxg@noqw¨u-ÃIp½¨przxrgc(zo{¥S©wg@np?ºg %.%g8Suno{?¨©qwux{r¤ux{µno{?¨¥?g.udwg¶(nouozq(-ux{rtF «g-udw(
K{?uoux¨g8wg@°[³
*{¢7g-¥rg8z¼ Ìq(zouodwg@z©(-zog8prnxg@n{} 
uodwg g%ÔÛg8%uo¦¥rg; «g-udzop?uxg¢¨¦¨V({?u(zo{¥t(g;norw¦ÂK-prSu
Kg8zx «{rzfjp?(-g¼©fj(zo{¥?g8fhg@rup?¨¦{Swg?³¸7g8uxuog8z(zp?(dh(zog8w©%uo{rznp?zog7zog8ªtqw©zog8hp?n
¢7g-¨¨(p?n
uxg@d(w©ªtqwg8n
uo{-qwu(p?uopjwg@§g@(wg8§%g8n¹ag?³ §³¥p}¨©qwg(zog8w©%uo¦{SK»³
 rq(zogzog8K{rzouon5uod(p?u¼c¸Öw{tg8n¼w{?u7(zo{¥S©wgudwg]np?fhgg-Ô[g@%ux¥?g «g-uodzop?uxgprn5c¤ «{rz5¨przxrg
d§p?zw¢7przxg(q§w?g8uon8³ *{¢7g-¥rg8z8Ã-c¸¤up?°}g@n3p?(¥AprSuop}rg
{} (pw?rg8z2©(nouozq(%uo¦{S-p?d(g
 «{rz3nfjp}¨¨rp?§
fhg@wq§fàd(p?zw¢p?zog (q(wrg-un-³  q§zxudwg8zfh{rzog?Ã[uodwg Ìzx{SSu~=g8(½nouop??g@n «{Sz]p?¨¦r(fhg@ru`p?(µwg8-{t(w
norw¦ÂK-prSux¨v¯%{Sruzx©(qwuog­ux{²uodwgCf©n(zxg@w©%ux{r¬Kg8(p?¨¦u®vÖ¹Fnxg8g$% 
   
& »³Dcdw©n.%{Sruzx©(qwuo¦{S
zog8§zxg@nxg@runq(¶ux{?Ñ.Á {? udwg{¥?g@zop?¨¦¨Ûfhn(zog8w©%uo¦{S¶Kg8§p}¨u®v «{rz¨©p?zo?g;d(p?zw¢p?zog`§q(w?g8uon8³
ß ºnq(fjfjp?zov?Ã Ìq(zxudwg8z¢¼{Szo°tn;{r²©(nouozq(%uo¦{StF «g-uod(w½ndwg@fg@nndw{rqw¨©C «{w-q(n {r£fj(zo{¥t(
cÒfh©non]zop?ux{ «{Sznfjp}¨¨p?§¶fhg@wq§f d§p?zw¢7przxg(q§w?g8uon©c]³ ß c¸ ÃKfjp}©%{S(%g@zo(np?zog
udwg©(nouozq(%uo¦{S(p?§w¢(uod.pr(juodwg`fhn(zog8w©%uo¦{S.§g@(p}¨u®v?³  §p}¨¨¦vrÃtK{?ud.ndwg8fhg8nI¢¦¨¨[Kg8(g%Â§u
{? /pjdwrdwg@z(zp?(d¶(zog8w©%uo¦{S*pr--q§zopr%v?³
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï i@
GROFF
TC
16k
TBA
16k
TC
64k
TBA
64k
TC
512k
TBA
512k
  	
  
 

 

 
 mispredict
front-end
IC-miss
TC
IC
min
REAL?GCC
TC
16k
TBA
16k
TC
64k
TBA
64k
TC
512k
TBA
512k
  "! #$ 
% &
%'
()* +
,)
* -
%
mispredict
front-end
IC-miss
TC
IC
min
 ¦Sq(zxg-/y
g@z~ «{Szofjp?§%g;¸zxg@p?°tw{¢2³
<=< û(>>?@
?Ñ  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
    	*¼-4*)¶-	$ j
¿£g]d§pA¥?g©r¥rg8nouxrp?uxg8judwg]§zx{Sn5p?§%{r§nI{} 3u®¢7{ pr((zo{rp?d(g8nuo{ «g-ud.f qw¨ux©w¨g`({rt®%{S(nxg@-qwuo¦¥rg
§p?now¨{w°tn;ºpno(?¨g.%vw%¨gudwgc¢7{}=¸¨¦{w°d(g8p?²(zp?§d£§zxg@w-ux{Szj¹ac¸`» Ði.-"¼pr(²uodwg
c/zp?%g¤7p?d(g±¹Fc» ¦i8(Ãi@Ñ/"=³ c¸#n§p?nog8Ò{rÕp?Ò(nouozq(-ux{rD8p?dwgºpr(Òzog-¨g8n¶{rÕ(p?§°?
©Suxg@zx¨g8pA¥rg8º «g8uodw©wºnouozq(%uq(zxg@njux{ºnq((w¨v¯udwg­g%swg88qwux{r´%{Szxg¶¢uod´q(¬ux{²u®¢7{²§p?no­w¨{w°Sn
Kg8z-vw%¨g?³.cY©np­wg8¢-{r(-g8wu;uod§p}uzog8%{Szo§nSzx{Sq((n;{} 7¨¦©°}g8¨¦vS=ux{?=Kg%=g%swg88qwuxg@t®%{r§nxg@-qwuo¦¥rg-¨v
©(nouozq(%uo¦{S(n`£%{SSuxrqw{Sq(n;-p?d(g¨{w-p}uo¦{S(n8³ s(%g@wu; «{rz`uonw{¥rg-¨(zp?(dC(zxg@w©%ux{rCnod(g8fhg?Ã
c¸Ò «g8p?uoq(zog8nfhg@d(p?w©nfhnp?¨zog8prwv.q(nog8¶©¶8q(zzxg@ru(zo{w%g8nno{rzn-³
4`Duodwg²{?udwg8z­d(pr(2Ã;fjp?Sv´fjw¨8p}uo¦{S(n¶{} q(no©w¬c p?zogµvrg-u¶ux{´§gºq(((g8znxuo{S{w2³  {rz
©(nouopr(%grÃ[w{*%{rnou~=g%ÔÛg8-ux¥?g ndwg@fgd(p?n`§g8g8½§q(w¨ndwg8½ux{Sq(p?zp?Suog-gfhg8fh{rzov¶-{r(no©nxuog8(-v*{S
nog-¨¦ Kfh{ww¦ «vS©w;%{wwg@n-Ã !`µ´p?8%g8nnog8n8Ã8{Sz8p?dwg7%{rd(g8zog8(-v`uzopr(np?%uo¦{S(nVKg% «{Szxg7{rq§znouoq((v?³
czp?-g
Â[(p}¨ 9@p}uo¦{S.©np?w{ruodwg@z¼g-s(p?fjw¨g?Ã(p?§{Swg;{} {Sq(z%{Sruzx©(qwuo¦{S(n©udwn(p?Kg8z7©nuodwgÄhÅ©Æ=ÇKÈoÉÊÅÌË-Í
ÎwÅ¡Ï§Í;q(nog8 uo{¯ÂK§p}¨ 98gµuozp?-g8n8³ 4`q(zCÄÅ©Æ=Ç[ÈoÉÊÅÌË-ÍÎtÅ¡Ï§Í;g@(d(p?§%g8n*uod(gCc fhnn­zop?ux{§Ãpr(Öp}¨©no{
©fj(zo{¥?g8n7udwg§g@z~ «{Szofjpr(%g`{} 
uodwg(zp?§d*(zog8(-ux{rz8³
4`q(z¼nx©f q(¨p?ux{r(nId§pA¥?gndw{¢huod(p?u¼c±nxr(ÐÂK8p?Sux¨v {SqwuoKg8zx «{rzfjnIc¸  «{Sz¥?g@zxv¨przxrg-p?d(g
no:9-g8n8³Ic¸Y-p?§w{?uwg8¨¦¥?g@z7uodwg np?fhg;©(nxuzoq§%ux{r¶(pr(w¢©wuod­p?nc]³§½{rzog-{¥rg8z7p «uxg@zuodwgzxg@nx{?
¨©qwuo¦{S­{} Ip.fhn(zog8w©%uog8(zp?§d2Ã§g-stg@-qwuo¦{S­{r­udwg zo¦Sdru](p}udzxg@noq(fhg@n©p.nod({rzouxg8zwg-¨©pAv{S
cÖuod§p?¶{r­c¸³ ]g-¥rg8zouodwg8¨¦g@non8Ã(nx{Sfhg(p?zp?wrfjn¼ «g8p?uoq(zog8­Sv*(g-¢ ß tnnq(d­p?n%{r§w¦uo¦{S(p}¨
fh{¥rg{rz(zog8(8p}uxg@¶g%swg88qwux{r²¹ag?³ §³­udwg ß Suxg8¨*y ß  -?Ót»7ndw{rq(¨­¨g8wruodwg@­uodwg(p?no(¨¦{w°
no:9-g8n;pr(µ©fj(zo{¥?ghuodwg.(zp?§dµ(zog8w©%uo¦{SCpr-8q(zopr%vr³cdwgKg8zx «{rzfhpr(%gjSp?µKg-u®¢7g-g@µudwgu®¢7{
pr((zo{rprdwg8n7nod({rqw¨©*nd(zo§°{r¶¨©p?zo?g;(q(wrg-uon8³
4`uodwg-{rSuozp?zov?Ãc²g-s(dw(¦un§{t{rz
Kg8zx «{rzfjp?(-g5 «{Sznofjp}¨¨wp?(hfhg8w©q(fd§p?zw¢7przxg7(q(wrg-un-³
cd(nd(p?n§g8g8ndw{¢;ux{`§g7fjp}©w¨¦v;(qwg¼ux{]uodwg7§{t{rzcCdw¦u/zop?ux{§³/cdwg5°twg-g¼{r;udwg¼Kg8zx «{rzfjp?(-g
8q(zo¥?g8n/©h{rq(zKg8(d§fhprzo°tnKg-u®¢7g-g@hc¸ pr(jc²©ni@?8¸;³ *]{¢¼g8¥?g8z8Ã ß ¸uzopr%g@n  Ði$&"Kp?zogw{?u
noux¨¨¼zog8(zog8nog8Suop?ux¥?gj{} udwg*8q(zozog8Supr(w¨8p}ux{r§nzoq§(w©w{r²y7-{rfj(qwuog8zn{rz¢¼{Szo°tnouop}uo¦{S(n8³
µ{rnou¼-q§zozog8Su5(zo{?Szoprfjn
g%s(dw©w¦uf q§d.dwrdwg@zI©(nxuzoq§%ux{rw=8p?dwgfh©non7zp}uxg@n5prn5zog8K{rzouxg8j©  ¦i@/"F³
cd(nfhg8pr(n;uod§p}uuod(g.°S(g-gj{} uodwg.Kg8zx «{rzfjp?(-gh8q(zo¥?g8n;ndw{rq(¨²Kgj Ìp?zp?K{¥?g¶i@? ¸ «{rzzog8p}¨
¢7{rz°S¨¦{Sp?(n8³
 q(zxudwg8z¼¢7{rz°Sn5*§{ruod*c¸Òp?(c´p?zogzog8ªtqw©zxg@jux{hfj(zo{¥?gudwgg-Ô[g@%uo¦¥rg8wg@non¼{} 3©(nouozq(
uo¦{S* «g-uod(wK³7]nK{?©ruog8­{Sqwu­udw©n(pr§g@z-Ã§c¸nqtÔÛg8zn Ìzo{rf"pj¨{¢7g8zK{?uxg@Sux©p}¨3©(nouozq(%uo¦{S
§p?(w¢©wudpr(p`dwrdwg@z
f©n(zxg@w©%ux{rhKg8(p?¨¦u®vud(p?hc]³¿Cgprzxg7-q(zzog8Sux¨vS¥rg8nouxrp}uo(¢pAvtn
uo{ ªtqw©°r¨v «g8g8judwgg-stg@-qwuo¦{S%{Szxg¢uodg-stg@-qwup?w¨g©(nouozq(%uo¦{S(n{rfh©no§zxg@w-ux{r(nIj{Szowg@zux{
¨©fuuod(g.f©n(zxg@w©%ux{r²Kg8(p?¨¦u®vr³  q(zouod(g8zf{SzxgrÃVno¦SwÐÂ[-p?Su;©(nxuzoq§%ux{r£(pr(w¢©wuod£©n¨¦{Snxu;{S
({rt=uopr°}g8(zopr(dwg@n (nouozq(-ux{r(n7¨vS©whuodwgnp?fhg]8p?dwg`w¨{t°przxg «g-udwg8. «{rz7u®¢¼{h%{S(nxg@-qt
uo¦¥rg(prnx© (¨¦{w°tn-³;¿£ghprzxghp}¨©nx{g%s(w¨{rzow¶nx{r¨q(ux{r(nux{­pA¥?{?©­¢p?noux©wudwn;(pr(w¢©wuod3Ã2a³ g?³;ux{
§zxg@w-u¼©(nouxg@p?{? Vu®¢¼{h(p?no©]w¨{w°tn-ÃSu®¢¼{hw¨{t°tn¼{} -{rSuxrq({rq(n¼§nxuzoq(-ux{r(n]¹Ìg@p?d.fjpAv©(%¨©q(wg
nog-¥rg8zp}¨(w{ru~=uopr°}g8j(zp?§dwg8n»³  q(zouodwg@zI¢7{rz°tn
{rjc±nodw{Sqw¨©h «{t8q(nI{Sh¨¦©fh¦uow uodwgno:9-gzog8ªtqw©zxg@
uo{`zog8prddwrdwg@z
§g@z~ «{Szofjp?§%g?³¬K{rnnow¨gzxg@nxg@p?zdwzog8-ux{r n/© wg8¢¯uozp?-gIÂK§p}¨ 9@p}ux{rdwg8q§zx©n~
uo8nnoq§d p?n/{Sq(z7ÄÅ©Æ=ÇKÈÉÊ}ÅÌË%ÍVÎwÅ¡Ï§Í(K{?¨-v?³  ©(p?¨¦¨v?Ã}udwgg%ÔÛg8-ux¥?g8(g8nn{? [K{?udndwg8fhg@n/zog-¨g8n/{ruodwg
pr-8q(zopr%vj{} /uodwg(zp?§d(zog8w©%uo{rz8³D «g8¢Ò(q§w¨¦©ndwg8­nouoq(wg8nd§pA¥?g`g%swuxg@(wg8¶%{Szozog-¨©p}uog8.§zopr(d
§zxg@w-ux{Szonux{Kg8zx «{rzf·f qw¨ux©w¨g§zopr(d (zog8(-ux{r(n/©p`nx©wr¨¦g%vw%¨g?³ *{¢7g-¥rg8z8Ãdrvw(zo© ndwg8fhg8n
LNM <1LPO
  Í=É-ÈÏ}ÍaÅÉ2ËÎ§É%ÄÉÆ
	}È ÅAÎÏÛÊÅÌÊÍ«ÎÏ§ÆÍFÈ§Ë-ÍaÅ}ÏÉ-Í®ËÎwÅ¡Ï (i
-{rfw(wh¨{t8p}¨3pr(r¨¦{S(p}¨Û©t «{rzfjp}uo¦{Suo{jKg8zx «{rzf (zog8w©%uo¦{S(n¨g8p?§nux{dwrdwg@z7pr-8q(zopr%vr³S{
 Ìprz-Ãwudwg8zogd(p?nKg-g@­w{(zx{S§{Snop?¨Û{} p?¶p?-8q(zp}uxgfqw¨¦uo(¨¦gdSvw(zo¶(zp?(d*(zxg@w©%ux{Sz-³
 /	7
  	
 
! "#$&%'%(*)+,'.-/%102,'-(4365/%'37.98:,*37436,'-;5/%<>=2?02@ABDCE'F(GIHJHJKL:M4NOFQP
RTS HVU&W RTSYX M2MZ2[\]IM R H/E/M[ R LFM[.\+^2_`*abFOILTZb`cFMedfF`*aZ R H/E X E'G S L R HJG R Z4E'H/(g.g.h4
  i&j)* klm.n%J-.op "#qk9-;2-;r-(@s klk 3utut6@v2xw* yVq$&%J-t{z*0b%'36?p37r(&%'37.|8*37@B%J,'=25/%'37.x8:-%I5J
?-;5I236@Q?j@8T.,v37. 36@'@Q=-#,J&%J-(@mA>}CE'F(GIHJH'KL:M4NOFQP RTS H#U.U~MK X M2M2Z[.\]IM R H/EIM[ R LFM[.\^_`abFOJL:Z4`
FMedfF`*aZ R H/E X E'G S L R H'G R ZbE'H/(gg~4
  =b%'%Iekl$2,J2ntu37.n%J,'ts2(02,'-;b365/%'37.es3u%Je%J,'-;-	tu36.- @Q=2.,J022@#8:,p@Q=0-;,J@'5;t6,
0,'45-(@'@Q,J@sABCE'F(GIHJH'KL:MnNOFBP RTS HVUn RTS X MM2Z[.\]IM R H/EIM[ R LFM[.\+^_`abFOJL:Z4`FMLGE'F([EQG S L R H'G R Z4EJH/
;g.g.4
  ! #,Q37-;2btunq b$$&%J-tm
 "!$%'%(eytu%J-;,'&%'36.-8T-%I5I23T@'@Q=-Y0tu3T5I36-;@8:.,!%J2-j%J,J.5-
5.5J2-8:-%I5Je?-(5J36@Q?99A>xCmEQF(GIHIH'KLTM4NO FQP RTS H RTS H 4 RTSDX M2MZ2[\$]IM R H/EIM[ R LFM[\m^2_`*abFOJL:Z4`FM
LGE'F([EQG S L R H'G R Z4EJH/-;5-;?-,*(gg~h4
  &f-;220$*373u%Iti4&ij@Q-%I@2-/ @B%I,JsLGE'F/a2E'F(GIH/OJOFEV¡H>abFE R z5/%J.-,(g.gb
  ! ¢VnoV-tu3+ !4q??j4w,J5J36@B%J.,Q%It7-*0,'-(b365/%'37.j8?&n361%I,'.-/%s2,J5J2-(@mb=2-%J
@Q=2,'=%'372-,'-/%J=2,'@$A>}CE'F(GIHJH'KL:M4NO#FBP RTS H£. RTSX M2MZ2[\]IM R H/EIM[ R LFM[\^2_`*abFOILTZb`cFM¤dfF`aZ R H/E
X EQG S L R H'G R Z4EJH/;g.gb
  h&jkl #~3702.@B%'3b $4b2-f¥5-;-;b372*%J-2&%I(xtu36?p3u%$s3u%J.&t7=2-s02,'-;b365/%'37.ABjCmEQF(G/HJH'KL:MnNO
FBP RTS HVU4¦ RTS ]IM R H/EIM[ R LFM[.\^2_`*abFOJL:Z4`cFM9}LGEQF([~G S L R H'G R Z4EJH/;g.gb
  §op "#2k9-2-;r;-;@ ¨©b%J;n-2Y)* kl.n%J-.$$&%J 02,'-;b365/%'37. 8T.,37Y36@'@Q=2-1,J&%J-102,'45-(@'@Q,J@
A>}CE'F(GIHJH'KL:M4NO#FBP*C X dvª« ¦n¬&;g.g.h4
  gk 3T5J=yV$4-;r;2-;5q¢V­tu37D)+,Jb37252365/%p2e5;02.5/3u%Betu36.@B372}375/.43u%'36&t
,J25I0,'-(b365/%J,J@1ABDCE'F(GIHJH'KL:M4NOpFQP RTS HU&W RTS9X M2MZ2[\]IM R H/EIM[ R LFM[.\^2_`*abFOILTZb`®FM|dfF`aZ R H/E
X EQG S L R H'G R Z4EJH/;g.g~hn
 u;¯ b$%J-t !,Q37-;2btun
 "#$%'%(p,Q37%'365;&tq36@'@Q=-(@,'-;~,Jb372%J2-#%J,J.5-5.5J2-8T-%I5I?-	
5J36@Q?9$)+-;5I365;t+,'-;0.,Q%(­*b37~-;,J@B3u%Bj8fk 3T5J37.9fms9b-;0,Q%J?-;n%((gg~h4
 ujyV-/t6-°­#q¨l-36@Q-;,;±*b?p3T5(c372@B%J,'=5/%'37.{5.5J2-}?-;?.,Qx,'~b37r;-({,'=2x%J,J.5-
@Q-.?-;n%I@37b-;0-;n%s8$437,Q%J=2t.,'-(@'@mtu372-.f­! 2$&%J-;n%"*=2?!-;,n §b .4(g.g
 u(i& v4-;,Qt¢V fb43u%J-(@4%J=2b37-(@f8s362(v@m")x0-;,Q8:,'?j25-*=2@B36#bb?p3T5s-¥b-(5/=%'37.j%J,J.5-;@
A>!CmEQF(GIHIH'KLTM4NOsFBP RTS HU~MK*OJ_`*abFOJL:Z4`±FM ²aH/EQ[ R L:M4N^2_O R H/`´³!H/OJL7NM[MKv]I`a\7H/`jH/M R [ R LFM~z5I%J.-;,
;g.gb
 u;m¢v%J-b-,'*wm-;2-%'%(2µb vb?p3u%J¶)+,J.5-5;5I-.·¤lt7(¸t6%J-5/°020,'~5I°%Jeb36
22bs36b%J362@B%J,'=5/%'37D8:-/%I5Ib36ABeCmEQF(GIHIH'KLTM4NOFQP RTS HpU4¦ RTS ]IM R H/EIM[ R LFM[.\q^2_`*abFOJL:Z4`¹FMl}L:º
GEQF([E'G S L R H'G R ZbE'H/$(g.gb
 up
!$br;-36b-(@»q.@'@B3utu36.b36@2¤b vq4?p37%J})m2-j0-;,Q8T.,'?j5-0%J-;n%'36tm82&%Ib-;0-;2-;25-
@Q0-;5=t6%'37D¼±5tutT0@B372bvABCE'F(GIHJH'KL:M4NOFQP RTS H#U4¦ RTS ]IM R H/EIM[ R LFM[.\^_`abFOJL:Z4`FM}LGEQF([E'G S Lº
R H'G R Z4EJH/+(g.gb
<=< û(>>?@
r  ÅÌÉ-ÈÈoÉ½ÅÌËÎ( §Ê   Ï[ÊÈ 2É-Ï[ÉË5KÍ	®Ç(Î(Ï
 wÈoÊ Ï AÆ-Ë    Å¡ÏKÈ)Í
 u(&jyVb-;r2-(5.  %m=@Q-*%J-*0.-4=?-;,;4=%s#037n%J-;,s.3u%(AB9CmEQF(GIHIH'KLTM4NOVFQP RTS HUn.EQK X MM2Z[.\
]IM R H/E/M[ R LFM[.\^_`abFOJL:Z4`cFM¤dfF`*aZ R H/E X EQG S L R H'G R Z4EJH/(gg.4
 u;jyV4-;r;-(5$.=2,Jb372,J&%($2lk 365J=2Yk9=tu%'370t7-	 bt645J2-(l2,J5Jl0,'-(b365/%J,;
A>CE'F(GIHJHJKL:M4NOFQP RTS Hj¬ RTS ]IM R H/E/M[ R LFM[.\mdfFM;P(H/EJH/MG/HpFM X EQG S L R H'G R Z4E'[.\^2Z&a~abFE R P;FE1CE'FJNEQ[``!L:M4N
 [M4NZ[(NnH/O#[MK}²+aH/E'[ R L:MnN^2_O R H/`OJ+;g.g.h4
 u(h&¢V(­tu37&"t7-.n)*k9=2-.nb-(5J2,'-;@B%(.!bq?-,;b.0b36s3u%J!54-qt7~&%(4ABpCmEQF(G/HJH'KL:MnNO
FBP RTS HVU~U~MK X MM2Z[.\]IM R H/EIM[ R LFM[.\+^_`abFOJL:Z4` FM¤dfF`*a2Z R H/E X EQG S L R H'G R Z4EJH/=2-;g.g~n
 u;§»q<B0-4?¸)*k 3u%J,Jb*AB?0,'n372p@Q=20-;,J@'5;&t6,*37@B%J,'=25/%'37.b36@Q02%I5JD936@'@Q=2-#n9-¥b0t737	
%'37bb?p36554-#@Q-n=-;5-;@mABCmEQF(GIHIH'KLTM4NOFQP RTS H#U&W RTS X M2M2Z[.\]IM R H/EIM[ R LFM[.\^2_`*abFOJL:Z4`¸FM
dfF`*aZ R H/E X E'G S L R H'G R ZbE'H/(gg~h4
 u;g2¨tut6.5-!29"!ws.-;,'r(.b-;k9=bt7%'370bt6-#2,J5J}29t745IY02,'-(4365/%'37.A>DCmEQF(GIHIH'KLTM4NOFQP RTS H
E'KOI_`*abFOILTZb`cFM*L7N S CvH/ETP;FEI`[MGIHdfF`aZ R H/E X E'G S L R H'G R Z4EJH/2-;D;g.g~hn
  i¯j)* 	

- )*4k,',;4!
! "!~$&%'%(AB25,'-(@B36%J2-m37@B%J,'=25/%'37.p8T-%I5I,J&%J-436?!=tu%'370t7-m2,J5J
0,'-(b365/%'37Vv,J25I#.,'-(@'@+5;.5J2-.4A>CmEQF(G/HJH'KL:MnNOFQP RTS H¬ RTSVX d+ ]IM R H/EIM[ R LFM[\dfFM;P(H/EJH/MGIH
FM^2Z&aH/E'GJF`aZ R L:M4N=btu;g.gb
  in4
q.=24"#2t6(n2Ykl 24?p37%Jy 5.?02,J&%'36.-2tu@B36@8@'5J2-;?-;@q8:,5/.,','-t6%J-;Y2,J5J
0,'-(b365/%'37ABDCE'F(GIHJHJKL:M4NOpFQP RTS HU~U.MK X MM2Z[.\]IM R H/EIM[ R LFM[\$^_`abFOJL:Z4`FM|dfF`aZ R H/E X E'G S Lº
R H'G R Z4EJH/=2-p(g.g.4
LNM <1LPO
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